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ABSTRACT 
In South Africa, there is a growing concern regarding the sustainability of bark 
harvesting due to the reduced availability of medicinal trees in natural areas and the 
slow growing and slow-reproducing nature of South Africa’s indigenous trees, of 
which some have specific habitat requirements and a limited distribution. With an 
estimated 80% of all Africans in South Africa still relying on plant material for their 
basic healthcare needs, approximately 200 000 traditional healers and an estimated 
63 000 commercial harvesters, medicinal plants are being exploited to extinction.  
The aim of the study was to determine whether bridge-grafting could be used to 
restore growth in girdled Ocotea bullata and Curtisia dentata trees as these two 
medicinal tree species are listed on the South African Red List as ‘endangered’ and 
‘near threatened’ due to overexploitation. These trees were also historically used in 
furniture production and general carpentry, which increased these trees’ vulnerability 
to extinction. 
Bridge-grafting is a technique widely described in horticultural literature but has not 
been used to restore growth in medicinal tree species with extensive harvesting 
damage. Metabolomics as analytical method is a relatively new science, but it is very 
useful, accurate and repeatable in obtaining knowledge on the metabolites present in 
a plant, and for determining the concentrations of metabolites. NMR metabolomics 
is, however, not sensitive enough to quantify metabolites with very low 
concentrations such as plant hormones. 
The results achieved showed that O. bullata and C. dentata responded differently to 
girdling and bridge-grafting regarding location of callus initiation, callus 
development, rate of callus development, basal shoot initiation and development and 
their sucrose source-sink relationships. NMR metabolomics showed that seasonality 
was an important factor affecting metabolite responses in both species. NMR 
metabolomics also showed that after one year, there were no differences in responses 
above and below the girdle wounds, nor were there differences between the grafted 
trees and the normal control trees.  
iv 
 
Although the method of bridge-grafting was successful in restoring the growth of O. 
bullata and C. dentata with this study, much more research needs to be conducted to 
prevent endangered girdled medicinal trees from becoming extinct, to maintain tree 
species diversity, genetic diversity and biodiversity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Key terms: Commercial bark harvesting, Medicinal trees, Girdling, Bridge-grafting, 
Callus tissue, Bark recovery, Sucrose concentrations 
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ABBREVIATIONS AND ACRONYMS 
 
AIDS   : Acquired Immuno-Deficiency Syndrome 
CBD   : Convention on Biological Diversity 
CITES   : Convention on the Trade of Endangered Species 
C.S.I.R.  : Council for Scientific and Industrial Research 
DBH   : Diameter at Breast Height 
IAA   : Indole-3-Acetic Acid 
IAM   : Indole-3-Acetamide 
IBA   : Indole-3-Butyric Acid 
IAOx    : Indole-3-Acetaldoxime 
IPA   : Indole-3-Pyruviv Acid 
GC-MS  : Gas chromatography – Mass spectroscopy 
HPLC-PDA : High Performance Liquid Chromatography – Photo Diode  
   Array Detector 
IUCN   : International Union for the Conservation of Nature 
LC-MS  : Liquid chromatography – Mass spectroscopy 
NEMBA  : National Environmental Management: Biodiversity Act 
NEMBA ToPS : National Environmental Management: Biodiversity Act: Trade  
     of Protected species  
NEMPA  : National Environmental Management: Protected Areas Act 
NGO   : Non-Governmental Organization 
NMR   : Nuclear Magnetic Resonance (spectroscopy) 
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OPLS : Orthogonal Partial Least squares or Orthogonal Projections of  
   Latent structures 
OSC : Orthogonal Signal Correction  
PAA   : Phenol Acetic Acid 
PCA   : Principle Component Analysis 
ppm   : parts per million 
SANBI  : South African National Biodiversity Institute 
SANParks  : South African National Parks 
WCMC   : World Conservation Monitoring Centre  
UNEP   : United Nations Environmental Program. 
UNESCO  : United Nations Educational, Scientific and Cultural  
     Organization 
WCED  : World Commission on Environment and Development 
WHO   : World Health Organization 
WWF   : World Wide Fund for Nature 
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GLOSSARY 
 
Abscission: A leaf or fruit in which the cells at the base of the 
organ dies and tears, permitting the organ to fall 
cleanly way from the stem with a minimum of 
damage (Mauzeth, 1995: G - 1). 
Alleles: The alternative forms of a gene (Hartl, 2000:2). 
Anomalous secondary growth: Any form of secondary growth that does not 
conform to that typically occurring in 
gymnosperms or dicots (Mauzeth, 1995: G - 2). 
Anticlinal cell division: Cell division perpendicular to the surface of the 
meristem (Hopkins and Hüner, 2009:490). 
Apical dominance: Inhibiting effect of a terminal bud upon the 
development of lateral buds (Tainton, 1999:412). 
Apoplastic movement of water: Water movement that takes place through the non-
living cell-walls and intercellular spaces of the 
plant (Moore, 2013:90). 
Auxin: A plant hormone produced in the apical 
meristemic regions of plants and in actively 
growing coleoptile apices, germinating seeds, root 
tips and the apical buds of growing stems (Hopkins 
and Hüner, 2009:306). 
Biodiversity: The complete range of species, biological 
communities, and their ecosystem interactions 
and genetic variation within a species (Primack, 
2012:315). 
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Biparental inbreeding: Mating between genetically related individuals 
or biparental inbreeding occurring because of 
spatial genetic structuring within populations. 
Plant populations are likely to develop spatial 
structure because gene dispersal through pollen 
and seed is often localized around the female 
parent (Nason and Ellstrand, 1995:307).  
Bulbs: A short subterranean, vertical stem that has 
fleshy, scale-like leaves such as an onion 
(Mauzeth, 1995: G - 3). 
Callus tissue: A term used to describe undifferentiated tissue in 
tissue cultures and wound healing (Hopkins and 
Hüner, 2009:491). 
Carbohydrate metabolism: Denotes the various biochemical processes 
responsible for the formation, breakdown and 
interconversion of carbohydrates in living 
organisms (Chapman and Reiss, 1999:307). 
Carrying capacity: Potential of an area to support life through the 
production of plant material for consumption over 
an extended number of years without 
deterioration of the overall ecosystem (Tainton, 
1999:413). 
Chloroplast: Plastids in the leaves of plants in which 
chlorophyll occurs and where the process of 
photosynthesis takes place (Mauzeth, 1995: G - 
4). 
Coleoptile: It is the pointed protective sheath covering the 
emerging shoot in a germinating monocot seed 
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such as maize or grass (Hopkins and Hüner, 
2009:492). 
Cultural harvesting methods: The harvesting methods applied by traditional 
healers for many years. Includes limitations 
regarding harvesting methods, harvesting sizes, 
times collected, tools collected with, the rituals 
performed before collection, to name a few 
(Kambizi and Afolayan, 2006:28). 
Cytokinin: A plant hormone produced in the roots of plants 
and is primary responsible for regulation cell 
division and delayed senescence (Hopkins and 
Hüner, 2009:493). 
Cytoplasm: Protoplasm consists of nucleus, vacuoles and 
cytoplasm, or fluid (Mauzeth, 1995: G - 5). 
Dedifferentiation: A process whereby structures that were 
specialized for a specific function lose their 
specialization and become simplified or 
generalized. 
(www.dictionary.com/browse/dedifferentiation, 
viewed 30 September 2016). 
Embolisms: An obstruction caused by the formation of gas 
bubbles in the xylem (Hopkins and Hüner, 
2009:493). 
Endangered Species: One of the categories which describes how close 
a species is to extinction. Endangered species are 
at risk of becoming extinct in the wild if the 
circumstances causing their numbers to decline is 
not removed (Primack, 2012:317). 
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Endemic: A plant or animal species that can only be found 
in a specific country and nowhere else (Primack, 
2012:317). 
Extinct: One of the categories which describes the 
abundance of a species. Extinct species are 
species not known to exist on earth anymore and 
they are lost to humanity (Primack, 2012:318). 
Gametes:  Haploid (cell or organism with only one set of 
chromosomes) reproductive cell (Chapman and 
Reiss, 1999:306). 
Gene: The functional units (DNA sequence) on a 
chromosome that codes for a specific protein 
(Primack, 2012:25). 
Gene flow:  The migration or flow of genes between 
populations (Goodell, Elam, Nason and Ellstrand, 
1997:1362).  
Generation:  Procreation of a species; time interval between 
birth of parent (germination of parent tree) and the 
birth of the child (germination of daughter tree) 
(Generation, 1978:697). 
Genetic diversity: The range of genetic variation found within a 
species (Primack, 2012:318). 
Genetic drift:  The random change in allele frequency that occurs 
because gametes transmitted from one generation 
to the next, carry only a small sample of the alleles 
present in the parental generation (Ellstrand and 
Elam, 1993:218). 
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Girdling: The act of removing a ring of bark around a tree 
trunk and includes the live tissue external to the 
vascular cambium (Noel, 1970:163). 
Habitat: It is the natural environment in which organisms 
(humans, plants and animals) live, and includes 
the living and non-living components of the 
environment (Tainton, 1999:416). 
Hormones:  Hormones are chemical signals of which the 
function is intercellular communication within 
plants (Hopkins and Hüner, 2009:305). 
 
Inbreeding:  Inbreeding is the mating of related individuals 
(Ellstrand and Elam, 1993:219). 
 
Indigenous knowledge:  A local body of knowledge common to a certain 
group of people. This knowledge is embedded in 
the culture of people and is conveyed from one 
generation to the next orally through apprentice 
and/or spiritual guidance (le Roux Kemp, 
2010:289). 
Injudicious exploitation: “Injudicious” means not manifesting practical 
judgment (Little, Fowler and Coulsen: 
1955:1008) and “exploitation” means utilizing for 
selfish purposes (Little et al., 1955:657). In the 
context of this study injudicious exploitation 
therefore means the act of removing all the bark 
available of a specific tree (not manifesting 
practical judgment) to sell to traditional healers, 
street vendors and export companies, to generate 
an income (utilizing for selfish purposes). 
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Inner bark: Is the live tissue external to the vascular cambium 
which contains the open and non-collapsed sieve 
elements through which the sap containing the 
products of photosynthesis and hormones are 
transported from the leaves to the roots (Neely, 
1988:149).  
Lenticels: In bark, a region of cork cells with interstitial 
spaces, permitting diffusion of oxygen to inner 
tissues (Mauzeth, 1995: G-10) 
Locally extinct: A species that no longer exists in a place where it 
used to occur, but it still exists elsewhere 
(Primack, 2012:350). 
Medicinal plants: Plants containing medicinal properties used by 
local people, pharmaceutical companies to 
develop drugs used in western medicines, 
phytopharmaceutical companies and alternative 
medical practitioners (Kuipers, n.d:45, 46). 
Meristemic region: A general zone in which cell division is frequent. 
There are three meristemic regions in trees: 1) the 
shoot apical meristem, 2) the root apical 
meristem, and 3) the vascular cambium, which is 
a secondary meristem as it develops later in plant 
development and originate from primary 
meristems (Johansson, 2013:13). 
Metabolites: The end products of cellular regulatory processes, 
and their levels can be regarded as the ultimate 
response to genetic or environmental changes 
(Fiehn, 2002:155). 
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Metabolome: Refers to the complete set of small-molecule 
metabolites which can be found in a biological 
sample, which includes intermediates in primary 
metabolic pathways, hormones and secondary 
metabolites (Robinson, 2009:4; Johansson, 
2013:11). 
Metabolomics: An analytical method which provides 
comprehensive quantitative and qualitative 
information about the dynamic changes of small-
molecule metabolites, which facilitates an 
understanding of metabolic processes (Xie, 
2007:30). 
Near threatened: One of the categories which describes the 
abundance of a species.  Numbers have declined 
to the extent that if the circumstances causing 
their decline is not removed they will become 
vulnerable to endangerment and extinction 
(Primack, 2012:181). 
Niche: The position of an organism in the environment. 
Complete account of how an organism uses its 
environment (Chapman and Reiss, 1999:307). 
Orographic rain: Rain, snow or other precipitation produced when 
moist air is lifted as it moves over a mountain 
range (The New Encyclopedia Britannica. Vol. 
4, 1995:1010) 
Parenchyma cells: Plant cells with very thin cell walls (Mauzeth, 
1995: G -12). 
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Pathogen: An organism that can cause a disease in its host, 
such as virus, bacterium, prion, fungus or parasite 
(Chapman and Reiss, 1999:308). 
Periclinal cell division: Cell division parallel to the surface of the plant 
organ (Mauzeth, 1995: G - 13). 
Petiole: The stalk that attaches the leaf blade to the stem 
(Mauzeth, 1995: G - 13). 
Phellogen: A layer of tissue outside of the true cambium 
giving rise to cork tissue (Mauzeth, 1995: G - 13). 
Phloem: The downward conducting tissue of plants 
containing the products of photosynthesis 
(Hopkins and Hüner, 2009: 498). 
Plasmodesmata: Microscopic channels which transverse the cell 
walls of plant cells, enabling transport and 
communication between them (Hopkins and 
Hüner, 2009:499) 
Ray cells: Xylem cells which are extended radially. They 
hold annual rings together and allow the products 
of photosynthesis to move in and out of storage in 
the xylem tissue (Mauzeth, 1995: G - 15). 
Regeneration: To reproduce or to renew itself; bring or come 
into renewed existence. (The New Encyclopedia 
Britannica, Vol. 9, 1995:1000). 
Rhytidome: The dead outer-bark tissue which protects a tree 
from physical injury, insect and herbivore attack, 
fungi and other pathogen attack and fire 
(Delveaux, Sinsin, Darchambeau and van 
Damme, 2009:704). 
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Ringbarking: The act of removing a ring of bark around a tree 
trunk but involves only the removal of the dead 
outer-bark (Noel, 1970:163). 
Scarp: The steep face of a mountain or hill (Little, Fowler 
and Coulsen 1955:1802) 
Senescence: Growing old, or characteristic of old age. 
(www.dictionary.com/browse/senescence, 
viewed 18 October 2015). 
Sessile: Attached at base, fixed to one spot, generally 
incapable of locomotion (van As, du Preez, Brown 
and Smit, 2012:439). 
Sieve elements: Conducting cells containing sugars and hormones 
within the phloem (Hopkins and Hüner, 
2009:498). 
Sustainability: The principle that a way of life or method of 
obtaining a resource should be capable of being 
continued indefinitely (Chapman and Reiss, 
1999:310). 
Sustainable harvesting: Involves harvesting at rates within their capacity 
for   renewal (Munro and Holdgate, 1991:10).    
Sustainable use: Can be defined as the use of natural resources at 
rates within their capacity for renewal (Munro and 
Holdgate, 1991:10). 
Symplastic movement of water: Relates to the movement of water through the 
continuous connection of cytoplasm 
(plasmodesmata) in the xylem cells of plants 
(Moore, 2013:90). 
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Trade market: The commercial exchange of goods for monetary 
value on provincial, national and international 
scale and which satisfies the needs of consumers 
or users for that specific product (de Beer and 
Rossouw, 2012:19). 
Traditional healers: People with no formal medical training, but the 
communities within which they live recognize 
them as being competent in dealing with their 
healthcare needs (Fullas, 2007:102).  
Traditional healthcare: A healthcare system that has deep roots in 
indigenous culture (Fullas, 2007:102). 
Traditional medicines: The total of knowledge, practices and skills based 
on beliefs and experiences indigenous to different 
cultures, used in the treatment of physical and 
mental illnesses (WHO, 2000:1). 
Transpiration: The process by which moisture (water) is carried 
through plants from the roots to small pores on the 
underside of leaves, where it changes to vapour 
and is released to the atmosphere. It is essentially 
evaporation of water from plant leaves (Hopkins 
and Hüner, 2009:502). 
Tree species diversity: Describes the different tree species occurring on 
earth. It reflects the entire range of evolutionary 
and ecological adaptations of species to a specific 
environment (Primack, 2012:19).     
Tubers: A short, fleshy, horizontal stem, involved in 
storing nutrients but not in migrating laterally 
such as a potato (Mauzeth, 1995:813). 
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Tylosis: A bubble-like formation in the tracheids, or 
vessels, in the wood of trees, consisting of 
protoplasm intruded from adjacent parenchyma 
cells. The blocked vessel provides a defense 
against the horizontal spread of pathogens 
through the plant stem (Mauzeth, 1995: G - 20). 
Vascular cambium: A sheet-like meristem that produces secondary 
phloem (inner bark) and secondary xylem (wood) 
(Mauzeth, 1995: G - 20). 
Xylem: The upward water and mineral conducting tissue 
in plants (Hopkins and Hüner, 2009:503). 
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CHAPTER 1. INTRODUCTION AND BACKGROUND 
 
1.1 INTRODUCTION 
 
Forests and woodlands are essential for human life. They are complex ecosystems 
capable of providing a wide range of economic, social and environmental benefits 
(O’Brian, 2005:1; Vermeulen, 2009:1). South Africa’s forests are managed in line 
with the global thinking of forest management where the focus of management has 
shifted from timber utilization and strict conservation to a multiple-use, ecosystem-
based, holistic management approach based on the concept of sustainability 
(Vermeulen, 2009:2).  
Traditional medicinal plants have a very long history of use (Magoro, 2008:1). The 
World Health Organization (WHO, 2000:1) describes traditional medicine as “the 
total of knowledge, practices and skills based on beliefs and experiences indigenous 
to different cultures, used in the treatment of physical and mental illnesses”.  
The harvesting and the local and global use, trade and export of medicinal plant 
material from forests and other vegetation types and communities has received much 
attention over the last few decades and served as motivation for several scientific 
studies pertaining to medicinal plants. Examples of studies include:  
 Medicinal plant harvesting, conservation and healthcare (Balick and Cox, 
n.d:12-29; Cunningham, n.d:116-129)  
 Indigenous knowledge (van Seters, n.d.:5-11; Kambizi and Afolayan, 2006:26-
31; Magoro, 2008:1-82) 
 The trade of medicinal plants (Cunningham, 1988:1-153; Kuipers, n.d.:45-59; 
Dold and Cocks, 2002:589-597; Mander, Ntuli, Diederichs and Mavundla, 
2007:189-196) 
 Harvesting impacts (Botha, Witkowski and Shackleton, 2004a: 1675-1698; 
Botha, Witkowski and Shackleton, 2004b:1-18) 
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 The status of medicinal plants (Fullas, 2007:102-112)  
 The sustainability aspects of harvesting (van Andel and Havinga, 2008:1540-
1545), and  
 Sustainable harvesting management (Vermeulen, 2009: 1-197). 
Despite a thorough search, no scientific literature could be found describing measures 
that could be implemented on medicinal tree species in the event of harvesting 
damage, especially when harvesting was executed using environmentally destructive 
methods. 
Williams, Balkwill and Witkowski, (2000:310) and Kambizi and Afolayan, (2006:26) 
state that popular medicinal plant species have been exploited close to extinction, and 
Mander (1998:11, 17, 53) reported that in South Africa several species have become 
locally extinct. According to Cunningham (n.d.:117), overexploitation of medicinal 
plant species has three main causes: 
 A decline in area of distribution of natural vegetation 
 An increase in urbanization, and 
 An increase in the number of commercial harvesters 
These causes can be attributed to the global increase in the human population. An 
increase in the human population numbers results in an increase in demand and a 
resultant increase in harvesting rates (Grace, Prendergast, van Staden and Jäger, 
2002:22). 
In South Africa, there is a growing concern regarding the sustainability of harvesting 
of bark due to the reduced availability of medicinal trees in natural areas 
(Cunningham, n.d.:123). Additional concerns are the slow growing and slow-
reproducing nature of South Africa’s indigenous trees, some of which have specific 
habitat requirements and a limited distribution (Cunningham, n.d.:123). Mander 
(1998:1) stated that the demand for numerous medicinal plant species exceeds supply, 
and continuous over-exploitation raises serious concerns regarding future availability, 
tree species diversity, genetic diversity and biodiversity.  
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1.2 SUPPLIERS OF MEDICINAL PLANT MATERIAL 
 
Traditional healers are people with no formal medical training, but the communities 
within which they live recognize them as being competent in dealing with their 
healthcare needs by using plant, animal and mineral substances (Fullas, 2007:102; le 
Roux Kemp, 2010: 278; Cheikhyoussef, Shapi, Matengu and Ashekele, 2011:1). In 
2002 Dold and Cocks, (2002:589) reported an estimate of 100 000 traditional healers 
in South Africa, and five years later, Mander et al., (2007:192) reported more than 
200 000 traditional healers. Mander et al., (2007:194) also reported an estimated 63 
000 commercial harvesters or gatherers, of which a few are also vendors.  
The harvesting of bark and other plant material used to be an activity restricted to  
traditional healers (van Andel and Havinga, 2008:1541). Because of their traditional 
values, taboos, superstitions, norms and cultural beliefs, traditional healers, 
sometimes unconsciously, contributed towards the conservation of these medicinal 
plant species (Williams et al., 2000:311; Kambizi and Afolayan, 2006:27). Examples 
of customary practices that prevented plants from being over-exploited included 
casting coins into the forest by traditional healers before collecting plant material as 
a manner of expressing gratitude to their ancestors. More examples are: 1) in certain 
communities, plants are both respected and feared for the power they possess, and 2) 
they only collected plant material after it has been ordained by their ancestors and 
after performing certain rituals. Currently, however, fewer traditional healers collect 
and harvest plant material themselves as they now purchase from commercial 
harvesters (Mander, 1998:49). 
The human population growth rate, urbanization and the continuously increasing 
demand for medicinal plants resulted in a trade market which today contributes 
significantly towards the economy (Dold and Cocks, 2002:589). Poverty, which is the 
result of a high unemployment rate (Williams et al., 2000:310, 311) has driven 
untrained, and often unconcerned people from poor communities to commercial plant 
harvesting and street vending.  The commercial harvesters often harvest as the only 
source of income (van Andel and Havinga, 2008:1540). Dold and Cocks 
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(2002:589,590) state that because of the shift to a cash economy and the emergence 
of commercial harvesters, plants are perceived as a common property resource with 
little incentives for resource management or traditional conservation practices.  
 
1.3 USERS OF MEDICINAL PLANT MATERIAL 
 
African people still greatly rely on traditional plant medicines due to its affordability, 
accessibility and cultural acceptability (Williams et al., 2000:310). Mander et al., 
(2007:190, 191), however, contradicts the term “affordable” when they reported that 
traditional medicine is often more expensive than the medicine supplied by 
government clinics, and mentioned the example of Salacia kraussii achieving prices 
of up to R4 800.00 per kilogram.  
 
Fullas (2007:102), Agbor and Naidoo (2011:1) and Maroyi (2013:1) estimated that 
80% of all Africans in South Africa rely on plant material for their basic healthcare 
needs and Mander et al. (2007:191) state that the users are from a diverse range of 
ages, education levels, religions and occupations. Truter (2007:59) explained that 
African people prefer to visit traditional healers for the following reasons: 
 They are acquainted with the traditional healers 
 Visits to traditional healers are not limited to physical health 
 They believe that illnesses are the result of the supernatural and is an indication 
of the displeasure of the ancestors 
 Traditional medicine is a well-established method of treatment throughout 
Africa 
 It is customary and part of their culture 
 Traditional medicines and culture cannot be separated 
 Skepticism regarding western doctors’ ability to treat psychological problems  
 Dissatisfaction with treatment when western pharmaceuticals were used 
 Western doctors are not trained in the treatment of culture–bound syndromes. 
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Pharmaceutical companies use medicinal plants for the isolation of single purified drugs 
in advanced extract form where the extract is highly standardized in terms of the 
constituents it contains, and as starting material to produce semi-synthetic 
pharmacological substances (Kuipers, n.d.:45). Examples of drugs produced from plant 
material by pharmaceutical companies for the western medicinal trade market are listed 
in table 1.1. 
Table 1.1: Examples of drugs produced from plant material by pharmaceutical 
companies for the western medicinal trade market. (Dutfield, n.d.:24)  
Drug  Use 
Vinca alkaloids Anti-cancer drugs 
Resperine Tranquilizers and heart disease 
Dioscorea (source of many steroidal drugs) Birth control 
Cocaine, teterodoxin, pictroxin, madecassol Anaesthetics and surgical aids 
Physostigmine, pilocarpine, atropine Neurology and ophthalmology 
Sarsapoginine, catechin, camphor Respiratory diseases 
 
Phytopharmaceutical companies not only use plant extracts but also use raw plant 
material to make tinctures, teas or capsules. Many health products in health shops are 
marketed as such to avoid licensing a product as a medicine (Kuipers, n.d:46). 
Apart from the traditional healing systems in several countries, there are increasing 
numbers of alternative medical practitioners such as homeopaths, osteopaths and 
naturopaths who use natural products in the treatment of ailments (Kuipers, n.d:46).  
 
1.4 MEDICINAL PLANT RESOURCES AND VOLUMES TRADED 
 
Mander et al., (2007:191) reported that approximately 20 000 tons of plant material 
are being harvested in South Africa from wild resources annually. An additional 40 
tons of scarce species are being imported from neighboring countries such as 
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Mozambique and Swaziland, while only 5 tons are being harvested from cultivated 
plants (Mander, 1998:42; Mander et al., 2007:191), which amounts to a total of 20 
045 tons. Mander et al., (2007:191) lists the percentages of the plant parts traded in 
South Africa as: 
 27% roots  
 27% bark  
 14% bulbs  
 13% whole plants  
 10% leaves and stems  
 6% tubers, and 
 3% mixtures of plant parts  
The shift to a cash economy (Dold and Cocks, 2002:589) and the high quantity of 
bark harvested and traded annually (Mander et al., 2007:191) resulted in serious 
concerns regarding the sustainability of current bark harvesting rates. Increasing 
scarcity of certain tree species lead to higher prices, which in turn, acts as incentive 
for increased harvesting rates (Cunningham, 1993:16), and the generally low prices 
paid to commercial harvesters force them to increase harvesting to generate a 
reasonable salary (Monakisi, 2007:17).   
Cunningham (1993:17) reported that 234 bags of bark (each bag with a mass of 50kg) 
of O. bullata (11.7 tons) and 197 bags of bark of C. dentata (9.85 tons), were 
harvested and sold in Kwa-Zulu Natal alone in 1993. In 2002, Grace et al., (2002:23) 
reported that the annual trade volume of the bark of O. bullata and C. dentata in Kwa-
Zulu Natal was 25.3 tons and 23.9 tons respectively. It is thus an increase of 120% 
for O. bullata and an increase of 140% for C. dentata over this specific period. 
 
Mander (1998:48) stated that in general, one tree yields an estimated 16kg dry mass 
of bark when debarked. Theoretically, if an individual tree yields 16kg dry mass of 
bark then 62.5 trees need to be harvested to obtain one ton of bark. Mander et al., 
(2007:191) stated that bark represents 27% of the total amount of plant parts traded 
annually in South Africa, which would have been a total of 5 412 tons of bark in 2007.  
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The total number of medicinal trees that need to be harvested on an annual basis to 
meet the demand at 2007 harvesting rates are therefore 338 250 trees.  The number of 
trees eradicated over a four-year period would thus exceed 1.3 million. To continue 
to meet the demand for O. bullata and C. dentata based on the statistics of the Grace 
survey in 2002, 1581 O. bullata and 1493 C. dentata need to be harvested annually. 
This proves that bark harvesting at current rates is unsustainable as reported by several 
authors such as Kambizi and Afolayan, (2006:26); Botha et al., (2004a:1675); Mander, 
(1998:43), and van Andel and Havinga, (2008:1541). The problem of availability is 
further complicated by the fact that certain medicinal trees, such as O. bullata and C. 
dentata, are also being used for other purposes, such as for high quality furniture 
production, tanning and general carpentry work (van Wyk and van Wyk, 2009:292; van 
Wyk and Gericke, 2007:270). 
 
At 2002 prices, Dold and Cocks (2002:591, 594) reported that in the Eastern Cape 
that bark from O. bullata and C. dentata traded at R60.00 and R59.00 per kilogram 
respectively. Both O. bullata and C. dentata are under the top 10 species traded and 
used in Kwa-Zulu Natal (Dold and Cocks: 2002: 594). Table 1.2 compares the top 10 
species sold in the Eastern Cape, Kwa-Zulu Natal and Mpumalanga provinces of 
South Africa. The differences in the plants traded may occur due to differences in 
health care practices by the different ethnic groups and the availability of plants in 
the different geographical regions.  
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Table 1.2: A comparison of the top 10 species of medicinal plants traded and used in 
Eastern Cape, Kwa-Zulu Natal and Mpumalanga. (Dold and Cocks, 2002: 594), 
Rank Eastern Cape Kwazulu-Natal Mpumalanga 
1 Hypoxis hemerocallidae Scilla natalensis Alepidea amatymbica 
2 Ilex mitis Alepidea amatymbica Warburgia salutaris 
3 Rhoicissus digitata Ocotea bullata Acridocarpus natalitius 
4 Rubia petiolaris Warburgia salutaris Siphonochilus aethiopicus 
5 Helichrissum 
odoratissimum 
Eucomis autumnalis Acacia xantophloea 
6 Curtisia dentata Curtisia dentata Terminalia serecia 
7 Protorhus longifolia Haworthia limifolia Bersama tysoniana 
8 Bulbine latifolia Bowiea volubilis Maesa lanceolata 
9 Hawthoria attenuata and 
Gateria bicolor 
Siphonochilus aethiopicus Cephelaria humulus 
10 Myrsine melanophloeos 
(formerly known as 
Rapanea melanophloeos) 
Secamone gerrardii Turraea floribunda 
 
Both O. bullata and C. dentata are species listed on the South African Red Data 
species list of the South African National Biodiversity Institute (SANBI) due to 
overexploitation (SANBI, n.d.). Ocotea bullata is also noted as endemic to South 
Africa. Generation for C. dentata is 40 years and generation for O. bullata is 80 years 
(SANBI, n.d.), which highlights the slow-growing nature of these trees. The 
conservation status and ailments treated using the bark of O. bullata and C. dentata 
are displayed in Table 1.3. 
 
 
 
 
9 
 
Table 1.3: The conservation status and the ailments treated by using bark of Ocotea 
bullata and Curtisia dentata. (Van Wyk and Gericke, 2007:128 and Van Wyk, 
Oudshoorn, and Gericke, 2013:110, 208; SANBI, n.d.). 
Species Common 
name 
Ailments  Ecological status 
Ocotea bullata Black 
stinkwood 
Headaches, emetic for nervous 
disorders, urinary disorders 
diarrhoea 
Endangered (and declining) 
Curtisia dentata Assegai tree Stomach ailments and 
diarrhoea. It is also used as 
aphrodisiac and to “purify the 
blood” 
Near Threatened  
(and declining) 
 
Vermeulen (2009:13) stated that an increase in the demand for medicinal bark in the 
Southern Cape forest area of the Western and Eastern Cape Provinces is being 
experienced, as numerous requests have been received to make forest resources 
available to user groups such as the commercial harvesters and traditional healers of 
the Eastern Cape and the traders and users they sell to. Vermeulen (2009:13), 
however, raised concern over the uncontrolled, destructive harvesting of bark due to 
the importance of the medicinal plant industry and the dependence of communities on 
medicinal plants. The Rastafarian community in the area, however, was granted an 
interim arrangement for access to resources (Vermeulen, 2009:13). 
Trends have indicated that the demand for medicinal plant material is indeed 
increasing (Grace, et al., 2002:22), and that plant populations will continue to decline 
in the future if harvesting is not managed and current demand remains continuous 
(Mander, 1998:45). Ocotea bullata and Curtisia dentata occur naturally in the 
Southern Cape forest area, and considering the concerns about the species’ 
conservation statuses with the trend being described as declining, it was decided to 
focus the research for this study on these protected species as they are also culturally 
in high demand. 
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1.5 BARK HARVESTING METHODS AND ITS EFFECTS ON TREES 
 
Samad, McNeil and Kahn (1999:24) revealed that the removal of a ring of bark around 
a tree trunk could improve fruit quality and yield in apple trees. Li, Weiss and 
Goldschmidt (2003:137) confirms that the removal of a ring of bark is used in certain 
sections of horticulture to increase flowering, fruit set and fruit size, and states that it 
is still widely used in fruit trees such as citrus, grapes and peaches. Girdling is, 
however, more commonly used as method to cause the death of a tree (Noel, 
1970:168). The two opposing statements may be explained by referring to the 
different methods of bark removal displayed in table 1.4. 
Table 1.4: Methods of bark removal. (Cunningham, 1988:11), Samad et al., 1999:25, 
Li et al., 2003:137, Delveaux, Sinsin, Darchambeau and van Damme, 2009:705 and 
Moore 2013:88). 
Strip- or Patch barking Ringbarking Girdling 
1. Method used by traditional 
healers. 
2. Strips or patches of bark are 
removed. 
3. Sufficient phloem left on 
tree for carbohydrate 
metabolism. 
4. Applied to indigenous 
medicinal tree species. 
5. Sustainable – efficient bark 
recovery 
 
1. Method used in horticulture 
2. Narrow ring of bark is 
removed from tree trunk 
3. Refers to removal of only the 
dead outer bark. 
4. Minimal damage to 
cambium 
5. Applied to fruit trees 
6. Callus tissue develop – can 
close wound 
1. Method used by commercial 
harvesters 
2. Ring of bark of variable 
widths removed from tree 
trunk 
3. Refers to total bark removal 
4. Includes removal of phloem 
tissue 
5. Adverse internal effects – 
leads to death of tree 
6 Applied to indigenous 
medicinal tree species 
7. Environmentally destructive 
 
Bark tissue comprises a mixture of dead and live tissue (Delveaux et al., 2009:704). 
The rhytidome is the dead outer part of bark that protects the tree from physical injury, 
insect and herbivore attack, fungi and fire (Delveaux et al., 2009:704), and the live 
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tissue is the phloem, or inner bark, which contains the open and non-collapsed sieve 
elements through which the sap containing the products of photosynthesis and 
hormones are transported from the leaves to the roots (Neely, 1988:149; Delveaux, et 
al., 2009:704). The different layers of tissue in a tree trunk is exhibited in figure 1.1. 
 
 
Figure 1.1: Cross section of a tree trunk showing the different layers, n.d. 
(kids.brittanica.com/art-6614) 
The removal of phloem through girdling affects the transport of organic molecules 
such as sugars, amino acids and hormones from the roots to the leaves, and the 
transport of photosynthetic products and hormones from the leaves to the roots 
(Moore, 2013:88). Moore (2013:89) explained that it is the failure of the transport of 
photosynthetic products from the foliage to the root system that has consequences 
which could eventually kill a girdled tree.  
The removal of phloem tissue could also cause bacterial or fungal infections , and it 
provides areas where insects, especially borers can enter the plants, causing decay 
which could also result in the death of the tree (Shibata, 1987:1).  
Noel (1970:163) explains that ringbarking refers to the removal of only the outer 
bark of a tree whereas girdling refers to the total removal of tissues peripheral to the 
vascular cambium. With ringbarking a tree may heal over naturally, but girdling, in 
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most instances, results in the death of a tree because of the adverse internal effects it 
causes (Noel, 1970: 167-168). 
Methods used by traditional healers mainly entail strip-barking or patch-barking, 
whereby strips or patches of bark of variable widths and lengths are being removed 
(see figure 1.2) on one side of a tree (Cunningham, 1988:11, 20). Sufficient amounts 
of phloem are left on the tree for carbohydrate metabolism (Moore, 2013:92). With 
strip-barking the damage to a tree is kept to a minimum and in a few species 
scientifically experimented with, sufficient edge- and/or sheet phellogen growth 
resulted in efficient bark recovery (Vermeulen, 2009: 82), but strip width should 
preferably be proportional to tree trunk diameter.  
 
        
Figure 1.2: Method of bark removal by traditional healers with patch barking left and 
strip barking right.  
 
Ringbarking is a method used in horticulture (Samad et al., 1999:23-28; Li, et al., 
2003:137) to reduce vegetative growth, increase reproductive growth and improve 
fruit quality when a fruit trees display characteristics of excessive vegetative growth 
and small fruit in low quantities. Ringbarking, Noel (1970:163) explained, refers to 
the removal of a narrow ring of only the outer bark (see figure 1.3) around the trunk 
of a tree. With ringbarking a tree may heal over naturally (Noel, 1970:167) as the 
cambium may be unaffected and callus can close the wound. 
Patch barking Strip barking 
Methods 
used by 
Traditional 
Healers 
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Figure 1.3: Method of bark removal used in horticulture whereby only a narrow ring 
of the outer bark is removed.  
 
The method used by commercial harvesters is that of total bark removal (Grace et al., 
2002:24; Delveaux et al., 2009:705) which includes the removal of all tissue external 
to the secondary xylem in as high as possible quantities (see figure 1.4). Total removal 
of bark is also referred to as girdling (Noel, 1970:167) and girdling, in most instances, 
results in the death of a tree (Noel, 1970:168). For this study, the removal of bark on 
these specific trees is referred to as girdling, as all secondary phloem tissue was 
removed during the girdling process. All possible flow of carbohydrates and 
hormones from the tree canopy to the roots have been cut off.  
 
    
Figure 1.4: The method of harvesting used by commercial harvesters whereby all 
tissue is removed in as high as possible quantities. 
Method used in 
horticulture 
Ringbarking – narrow ring of bark removed with little damage to the 
cambium 
Method 
used by 
commercial 
harvesters 
Large amounts of 
bark are being 
removed, including 
the phloem tissue. 
The carbohydrate 
flow from the 
canopy to the roots 
has been cut off 
completely. 
 
14 
 
Girdling has several effects on trees, the most noticeable effect being the foliar 
responses as they are visible to the naked eye. The most obvious response is the 
possibility of yellowing of leaves followed by abscission (Noel, 1970:163).  
  
Noel (1970:167) stated that girdling leads to the desiccation of a tree trunk, and may 
cause changes in the carbohydrate regime. The first experiments on the path of water 
in trees were conducted in 1686, and were done by girdling trees (Noel, 1970:180), 
and since then, it has been well documented that girdling alone does not have a major 
effect on the transpiration process of plants (Noel, 1970:180).  
After girdling, the trunk above the girdle wound increases in girth and there is 
noticeable swelling in the area above the wound (Moore, 2013:89), which according 
to Noel (1970:181-182), Samad et al., (1999:31) and Moore (2013:89), is the result 
of the accumulation of carbohydrates above the wound. Below the wound growth 
eventually ceases thereby also developing a difference in trunk diameter  (Moore, 
2013:89). Moore (2013:89) also stated that the roots initially have sufficient 
carbohydrates in the root cells to maintain active cell metabolism and root growth, 
but in time, the carbohydrate reserves become depleted and the root cells die. It is 
when the roots die that it affects the transport of water and nutrients to the leaves, 
consequently resulting in wilting, and eventually the death of the canopy (Moore, 
2013:89). 
 
1.6 EFFECTS OF GIRDLING ON SPECIES DIVERSITY, GENETIC 
DIVERSITY AND BIODIVERSITY 
 
Biodiversity refers to the complete range of species, biological communities, and their 
ecosystem interactions and genetic variation within a species (Primack, 2012:315) . 
Biodiversity must be considered on three levels:  
 Species diversity – reflects the entire range of evolutionary and ecological 
adaptations of species to an environment. It provides people with resources 
and resource alternatives. A loss of a species thus means a loss of resources. 
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 Genetic diversity – is necessary for any species to maintain reproductive 
vitality, resistance to disease, and the ability to adapt to changing conditions.  
 Ecosystem diversity – results from the collective responses of species to 
different environmental conditions.  
Primack (2012:19, 20) stated that all three levels of biodiversity are necessary for the 
continued survival of life as we know it.  
 
When ecosystems are damaged by human activities such as the clearance of natural 
areas for the expansion of urban areas and infrastructure, and for the cultivation of 
sufficient amounts of food for a growing human population (Cunningham, 1988:1; 
Cunningham, n.d.:117), the ranges and population sizes of many species are reduced, 
and some species go extinct (Primack, 2012:146). Five categories of species are most 
vulnerable to extinction, and they are: 
 Species with a very narrow geographical range 
 Species with only one or a few populations 
 Species in which population size is small 
 Species in which population size is declining 
 Species that are hunted or harvested by people 
Primack (2012:148) also describes these following categories of species 
characteristics that render them vulnerable to extinction: 
 Species with large body size 
 Species that are not effective dispersers 
 Species with little genetic variability, and 
 Species with specialized niche requirements. 
The expansion of urban areas and infrastructure, and the increased areas cleared for 
crop cultivation and forestry practices (Cunningham, 1988:1; Cunningham, n.d.:117), 
leads to habitat fragmentation (Spellerberg, 1996:132; Primack, 2012:92), which has 
consequences for species conservation (Primack, 2012:92). Fragmentation produces 
smaller local populations which become progressively isolated from each other. 
Population size reductions lead to an erosion of genetic variation and increased 
interpopulation genetic divergence through elevated inbreeding, increased random 
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genetic drift, and reduced interpopulation gene flow, and to an increased extinction 
probability of small, isolated populations (Young, Boyle and Brown, 1996:413).  
 
The genetic effects of smaller and isolated habitats are l ikely to be complicated by 
the fact that plants are sessile organisms, their interspecific differences in longevity, 
generation time and their prefragmentation abundance (Young et al., 1996:413). 
Young et al., (1996:413) continue with the previous statement by adding that their 
wide variety of sexual and asexual reproductive systems, the possibility of gene flow 
by both pollen and seed, the storage of genetic material as seed, and their interactions 
with animal pollination and dispersal vectors, which may themselves be affected by 
fragmentation events, and complicate the genetic effects. 
 
Habitat fragmentation, and the resultant smaller tree species populations and plant 
populations in general, poses a significant threat to the maintenance of biodiversity. 
It increases the vulnerability of the fragmented areas to invasion by exotic and native 
pest species (Primack, 2012:94), which is a serious threat to the continued existence 
of indigenous plant species, including medicinal plant species, in South Africa.  
 
Cunningham (1988:1) and Cunningham (n.d.:117) mentioned that the expansion of 
urban areas and infrastructure and the increased areas cleared for crop cultivat ion and 
forestry practices reduces tree numbers. Spellerberg (1996:132) and Primack 
(2012:92) stated that these factors lead to habitat fragmentation, and several authors 
point out the effects of habitat fragmentation. Considering the number of medicinal 
trees that need to be harvested annually to meet current demand, as well as the 
additional felling of trees, including medicinal trees, for purposes such as furniture 
production, tanning and general carpentry, an additional reduction in tree numbers 
therefore occur and aggravate these effects. 
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1.7 STUDY AREA 
 
1.7.1 Research area and climate 
The research was conducted in the Southern Cape forest area of the Western and 
Eastern Cape Provinces of South Africa displayed in figure 1.5. Orographic rain is 
received throughout the year with peaks in autumn and early summer, and the area 
has a moist, warm, temperate climate (Vermeulen, 2009:4). Mean annual rainfall is 
977mm as recorded by the Harkerville forestry station (Vermeulen, 2009:102) and 
mean daily maximum temperature as recorded at George airport (Vermeulen, 
2009:102) varies between 18.7°C and 24.7°C. Thunderstorms in the area are rare but 
lightning may occasionally cause a fire (Geldenhuys, 1991:55; Vermeulen, 2009:4). 
Prevailing winds blow from the south eastern and south western directions in summer, 
and in winter wind from the north westerly direction, and south westerly winds 
dominate (Geldenhuys, 1991:55; Vermeulen, 2009:4). Frost is confined to 
depressions, hail may occur, but infrequently and with little impact, and snowfall on 
the mountain peaks may occur during winter but are very infrequent lower down 
(Geldenhuys, 1991:55; Vermeulen, 2009:4).  
 
Figure 1.5: Map of the provinces of South Africa with the location of the Southern 
Cape forest area encircled. (Local Government Information and Technology, n.d.) 
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The Southern Cape forest area consists of mountain, coastal and scarp forests 
(Vermeulen, 2009:50). Geldenhuys (1991:59) described the forest area by 
differentiating between landscape zones, such as those forest species occurring in the 
mountains, on foothills, those occurring on the coastal platform, in river valleys, 
coastal scarp areas and dunes. Vermeulen (2009:4, 5) further describes the forest types 
as: 
 Very, very dry scrub - is approximately 2 to 5m high, is rich in species with 
Buddleia saligna, Cassine peragua, Chryssanthemoides monilifera and other 
dwarf shrubs and herbaceous plants.  
 Very dry scrub forest - dense mixture of shrubs of between 3 and 6m in height 
and stunted trees reaching heights of 9m. The occasional large tree, such as 
Podocarpus falcatus, occur. 
 Dry high forest - relatively dense but with an irregular canopy of between 10 
and 18m high. Species characteristic to this forest type include Cassine 
peragua, Maytenus acuminata and Canthium inerme. 
 Medium-moist high forest - the main canopy of this forest type is 16 to 22m 
high, a very dense shrub layer, mostly Trichocladus crinitus, grows up to 6m, 
and ground flora is abundant. Curtisia dentata are amongst the dominant upper 
canopy species in this forest type.  
 Moist high forest - canopy height reaches a height of 20 to 30m but with lower 
density and larger tree trunk diameters. Ocotea bullata is one of the main 
canopy species in this forest type. Olea capensis subsp. capensis and Halleria 
lucida are the main sub-canopy species and Rumorha adiantiformis and 
Plectranthus fructicosis are important understory species. 
 Wet high forests - relatively few species occur and the tree canopy ranges 
between 12 and 30m in height. Cunonia capensis and Ocotea bullata form the 
main canopy, Halleria lucida and Gonioma kamassi are intermediate species 
and there is a variety of ferns of which the tree fern Cyathea capensis is 
characteristic, and which reach heights of up to 6m. 
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 Very wet scrub - general canopy height is a low 6 to 9m in height with Cunonia 
capensis being the dominant species. Ocotea bullata, Myrsine melanophloeos 
and Podocarpus latifolius are a few of the other tree species. Shrub species 
include Sparrmannia africana and Diospyros glabra with the prominent ferns 
being Blechnum capense and Todea barbara. 
 
1.7.2 Research sites 
The Southern Cape forest area is managed by South African National Parks 
(SANParks) and two research sites within the Southern Cape forest area were 
allocated for research. The research site for C. dentata was at the Groenkop section 
of the Wilderness National Park in the Western Cape Province of South Africa and 
the research site for O. bullata was at the Witelsbos section of the Tsitsikamma 
National Park in the Eastern Cape Province of South Africa. The two specific sites 
are approximately 200 km apart and are displayed in the encircled areas in figure 1.6. 
  
Figure 1.6: Map of the Southern Cape forest area with the research site for Curtisia 
dentata encircled left and the research site for Ocotea bullata encircled right. 
Groenkop 
Witelsbo
s 
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The Groenkop site is situated in the Saasveld area on the foothills of the Outeniqua 
mountain range near the towns of George and Wilderness. Rocks of the Cape 
Supergroup underlie most of the area, while Pre-Cape and Cretaceous rocks and 
unconsolidated deposits of recent age occupy smaller areas (Geldenhuys, 1991:54; 
South African National Parks, 2014:16). The Pre-Cape rocks comprise the Maalgaten 
Granite to the west and east of George, separated by a variety of sedimentary and 
metamorphic rocks of the Kaaimans Formation that include phyllite, quartzite, grit, 
hornfels and schist (Saasveld and Karatara areas).  In the Outeniqua Mountains soils 
are, in general, acidic, leached, low in nutrients, and have a poor buffering capacity. 
Dark acidic topsoils with high organic matter content frequently occur in wetter areas, 
particularly at high altitudes (SANParks, 2014:19). 
 
The Witelsbos site is situated approximately 90 km east of Plettenberg Bay, in an area 
which is described by Geldenhuys (1991:55) and Vermeulen (2009: 4) as part of the 
coastal platform zone. South African National Parks (2014:18) stated that the Table 
Mountain Group underlie the nearshore regions of the Tsitsikamma Marine Protected 
Area, but they give way to a strongly folded Cretaceous Group some 2 to 3 km 
offshore. Shallow sandy soils overlying Mispah and Glenrosa rock are common 
against the steep coastal slopes of Table Mountain sandstone. Near the coast 
(especially in the Nature’s Valley region) the aeolian influence is visible. Soils are 
derived from a mixture of dune sand and clay material from underlying shale (South 
African National Parks, 2014:20).   
 
 
1.8 MOTIVATION FOR THE RESEARCH AND RESEARCH QUESTIONS  
 
A girdling and bridge-grafting study was conducted on Vachellia karroo trees 
(formerly known as Acacia karroo) for the degree Baccalaureus Technologiae (Nature 
Conservation) during 2013 and 2014 (van Wyk, 2014:1-24, unpublished). Written 
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permission to work on the trees was obtained from the governing body of the 
institution where the trees were situated (Annexure A).  
 
The study proved that the method of bridge-grafting could be implemented to restore 
growth in girdled Vachellia karroo trees, and favourable results were achieved. A few 
girdled, control trees also developed calluses.  
 
The presence of calluses was assumed to be an indicator of tree growth. However, the 
stage of callus development appeared to play a major role in the success rate. Leaf 
development and continuous growth in all categories of trees during the second 
growing season seemed to be dependent on the stage of callus development. The stage 
of callus development entails: 1) no calluses, 2) calluses not connecting the top and 
bottom of the wound, and 3) calluses connecting the top and bottom of the wound.  
 
Questions linked to the previous study raised interest, and therefore the research 
questions for this study are: 
 
1. To what extent does carbohydrate accumulation occur over time above a girdle 
wound? 
2. Do carbohydrates (with specific reference to sucrose) move through the scions 
towards the area of trunk below the girdle wound? 
3. Does girdling trigger an increase in the auxin concentration to initiate callus 
development? 
4. How would threatened indigenous medicinal tree species such as O. bullata and C. 
dentata respond to girdling and bridge-grafting treatment? 
The results achieved by the girdling and bridge-grafting of Vachellia karroo 
motivated continued research into this study field as the bridge-grafting technique 
using the previous year’s lateral shoot growth clearly exhibited the potential of the 
technique to prevent girdled Vachellia karroo trees from dying.  
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The purpose of this research study is to determine whether bridge-grafting could be 
used to restore growth in girdled O. bullata and C. dentata, as these species are in 
high demand in the treatment of certain ailments and they are species listed as 
endangered and near threatened on the South African Red Data species list due to 
overexploitation. 
 
1.9 RESEARCH PROBLEM 
 
To obtain the amounts of bark for the medicinal trade market as stated by Mander et 
al., (2007:191) large numbers of trees need to be debarked annually. Girdled trees die 
because of the adverse internal destruction the act of girdling causes (Noel, 
1970:168). It affects the transportation of organic molecules such as sugars, amino 
acids and hormones from the roots to the leaves, and of carbohydrates and hormones 
from the leaves to the roots (Moore, 2013:88). The removal of phloem tissue could 
also cause bacterial or fungal infections, and it provides areas where insects, 
especially borers can enter the plants, causing decay which could also result in the 
death of the tree (Shibata, 1987:1; Shigo, 1985:101).  
With the rapidly increasing human population and the resultant increase in the already 
daunting numbers of traditional healers, commercial harvesters (Mander et al., 2007: 
192,194) traders and users, more resources will be needed in future to meet the 
growing demand (Grace et al., 2002:22). On the other hand, increased areas of 
urbanization, infrastructure and of land converted for agricultural and forestry 
practices, results in a reduced abundance of trees in medicinal tree species 
populations.  
The reproductive and growth rates of South Africa’s indigenous trees are additional 
concerns if current and future demand is considered, as trees could possibly become 
progressively smaller over time after all the larger trees have died because of the 
effects of injudicious exploitation (Botha, et al., 2004a; Gaoue and Ticktin, 2007:424, 
425). Williams et al., (2000:310) and Kambizi and Afolayan., (2006:26) state that 
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many of South Africa’s indigenous medicinal tree species are already exploited close 
to extinction, and the harvesting of bark at increased rates to meet future demand from 
smaller trees would lead to rapid extinction of the remaining medicinal trees. Any 
possible method which has the possibility to stabilize or reverse harvesting damage 
should therefore urgently be investigated. 
 
 
1.10 HYPOTHESES  
 
1.10.1 Hypothesis A.  
The following hypotheses were formulated regarding carbohydrate accumulation 
above girdle wounds:   
 H0: Carbohydrate accumulation does not occur above the girdle wound after 
girdling and bridge grafting. 
 H1: Carbohydrate accumulation does occur above the girdle wound after 
girdling and bridge-grafting. 
1.10.2 Hypothesis B. 
The following hypotheses were formulated regarding the sucrose levels above girdle 
wounds: 
 H0: Sucrose levels at each sampling date remain the same above the girdle 
wounds of the grafted trees. 
 H1: Sucrose levels at each sampling date are different above the girdle wounds 
of the grafted trees. 
1.10.3 Hypothesis C.  
The following hypotheses were formulated regarding the sucrose levels below girdle 
wounds: 
 H0: Sucrose levels below the girdle wounds of the grafted trees would not 
return to normal levels and will continue decreasing.  
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 H1: Sucrose levels below the girdle wounds of the grafted trees would return 
to normal levels and will not continue decreasing. 
1.10.4 Hypothesis D. 
The following hypotheses were formulated regarding the auxin concentrations both 
above and girdle wounds: 
 H0: Auxin concentrations do not increase at the girdle wounds of the grafted 
trees after girdling and bride-grafting. 
 H1: Auxin concentrations do increase at the girdle wounds of the grafted trees 
after girdling and bridge-grafting. 
1.10.5 Hypothesis E.  
Hypothesis regarding the tree species’ girdling and bridge-grafting responses are: 
 H0: Ocotea bullata and Curtisia dentata responses to girdling and grafting 
treatment are the same. 
 H1: Ocotea bullata and Curtisia dentata responses to girdling and grafting 
treatment are different. 
 H2:  Ocotea bullata and Curtisia dentata have similar as well as different 
responses to girdling and bridge-grafting treatments.  
 
1.11 OBJECTIVES OF THE STUDY 
 
The specific research objectives of this study are explained below, and were based on 
the research questions that originated from the study conducted on Vachellia karroo. 
1. To determine the extent of carbohydrate accumulation above girdle wounds in 
control and grafted trees. 
2. To determine the levels of the carbohydrate sucrose in normal, undamaged 
trees, above and below the girdle wounds in girdled, control trees and above 
and below the wounds in grafted trees.  
3. To determine whether girdling triggers an increase in the auxin concentration 
to the wound to initiate callus development. 
25 
 
4. To determine the species-specific responses of O. bullata and C. dentata to 
girdling and grafting treatment. 
The goal of this study was to determine the success of bridge-grafting as technique to 
restore growth in O. bullata and C. dentata by determining carbohydrate 
accumulation above the girdle wound, by determining whether carbohydrate 
accumulation above the girdle wound reduced over time, by determining whether 
carbohydrate levels below girdle wounds increased again after the initial reduction 
following girdling due to depletion by the root system, and by determining whether 
girdling triggered an increase in auxin allocation to the girdle wound to initiate callus 
development. The study also aimed at determining whether O. bullata and C. dentata 
responded in the same manner to girdling and bridge-grafting treatments or whether 
their responses are different. From the results a conclusion could be deduced and 
recommendations could be formulated for further studies.   
 
1.12 SIGNIFICANCE OF THE STUDY 
 
Both O. bullata and C. dentata are protected species due to overexploitation and the 
significance of this study thus entails: 
 The deaths of individual trees of O. bullata and C. dentata from which the bark 
was harvested using environmentally destructive methods could be prevented.  
 The maintenance of sufficient numbers of trees of the species O. bullata and 
C. dentata in subpopulations, and thus the maintenance of the species’ genetic 
diversity, which is an important factor in the maintenance of reproductive 
vitality. Due to the maintenance of sufficient tree numbers and genetic 
diversity, extinctions of O. bullata and C. dentata could be prevented. 
 Maintenance of the ecological relationships between plant communities in 
areas where O. bullata and C. dentata occur. 
 Maintenance of biodiversity in the areas where these trees occur. 
 
26 
 
1.13 ASSUMPTIONS 
 
Assumptions of the research were as follows: 
 That the sample sizes of both tree species were representative of the whole 
population, 
 That all scions inserted were placed correctly, 
 That the climatic conditions for all trees of a specific species at a specific site 
was similar, and 
 That each individual tree of the same species in the population samples 
responded to treatment in the same manner. 
 
1.14 LIMITATIONS 
 
SANParks manage the Southern Cape forest area and the limitations imposed by them 
thus included the following: 
 The girdling and bridge-grafting studies were limited to include only two 
indigenous medicinal tree species, namely O. bullata and C. dentata. Personal 
communication with both the regional ecologist and the chief scientist of the 
area (Annexure B), resulted in the limitation of the number of trees, the number 
of species and the diameters by breast height (DBH) that they would allow to 
be girdled, and the areas in which research may be conducted.  
 Sample sizes have been limited to include only 12 trees per species and the 
DBH limits were set between 20 and 35cm. Only one girdled control tree and 
one normal, undamaged control tree per species were allowed. Eleven trees of 
each species could be girdled and ten trees of each species could thus be 
bridge-grafted.  
 It should also be noted that the only trees SANParks allowed the research to 
be conducted on were trees on which previous bark harvesting experiments 
have been conducted.  
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1.15 DISSERTATION OVERVIEW 
 
The dissertation has been divided into five chapters: an introductory chapter followed 
by a chapter containing the literature review. Chapter 3 explains the research design 
and research methodology and Chapter 4 displays and discusses the results. Chapter 
5 is the concluding chapter and provides recommendations for future research.  
In the first chapter the concerns of medicinal plant harvesting are introduced and are 
followed by background information on general forest management and legislation. 
The suppliers, users and resources of medicinal plants and the harvesting methods and 
trade of woody plant material, with specific reference to O. bullata and C. dentata are 
discussed. It includes the causes of an increase in the demand and a reduction in the 
availability of woody plant material and briefly discusses the differences between 
ringbarking and girdling. Details are provided on harvesting methods and its effects 
on trees followed by the effects on species diversity, genetic diversity and 
biodiversity. The study area and the specific study sites are discussed. The purpose of 
the study is explained, as well as the research problem, hypotheses and the research 
objectives. The significance of the study, assumptions and limitations concludes this 
chapter. 
Chapter 2 contains an in-depth review of literature pertaining to traditional medicines 
and its uses and the trade in medicinal plants with specific reference to O. bullata and 
C. dentata. It explains the concept of protected plant species with specific reference 
to the species used for the research study and gives a description of the trees. It further 
reviews legislation concerning the harvesting of protected plant species, what is meant 
by sustainability and the sustainability of bark harvesting. Effects of girdling and 
possible arboricultural treatments to girdling are presented. Wound protection after 
girdling, the role of callus development in the healing of trees, auxin as a promoter of 
callus development and bark recovery is reviewed. An overview of plant 
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metabolomics is provided, followed by the identification of the gap in the literature 
and the research justification. 
Chapter 3 explains the research design and provides a detailed description of the 
methods and materials used for girdling, bridge-grafting and bark sampling, bark 
processing and analysis followed by a description of the bark sample structure, sizes 
and the frequency of collection. It also discusses the measures taken to ensure 
consistency of the processes and results regarding metabolite profiling using plant 
metabolomics and the spectral analysis thereof. Ethical considerations are also 
included.  
In the fourth chapter the results from the bark sample analysis regarding the 
metabolite profiling of each species is displayed and discussed, highlighting the non-
structural carbohydrate sucrose, and of the auxin IAA. The species-specific 
differences in the results obtained from O. bullata and C. dentata are also compared 
and discussed. Discussions on all factors which had an influence on the study such as 
callus initiation and development, tree circumferences as indicator of carbohydrate 
accumulation above girdle wounds, visible foliar responses, sucrose and auxin 
concentrations and the differences and similarities of the two species’ responses  are 
included in this Chapter. 
Chapter 5 is the concluding chapter and summarizes the research findings, discusses 
the achievements of the objectives relating to the hypotheses stated in the first chapter, 
and provides recommendations for future research studies. 
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CHAPTER 2. LITERATURE REVIEW 
 
2.1 INTRODUCTION 
 
The removal of bark is often used as practical application to promote flowering, to 
improve fruit set and fruit quality (Samad et al., 1999:27; Di Vaio, Cirillo, Buccheri 
and Limongelli, 2008:1) and as a method of killing trees (Noel, 1970:168). It is also 
used as a tool in scientific studies to investigate apical dominance, to quantify xylem 
and phloem flow, to study the hydraulic properties of wood and the process involving 
bark regeneration, and to quantify the different contributions of several components 
to soil respiration (De Schepper and Steppe, 2011:1147). Girdling is further used to 
investigate tree carbon relationships such as the decrease in photosynthesis due to 
feedback inhibition, the increase and decrease in carbohydrates above and below 
girdle wounds and the changes in stem growth above and below girdle wounds (De 
Schepper and Steppe, 2011:1147).  
 
Girdling, however, is also executed to obtain bark for the medicinal plant trade, and 
as the continued existence of medicinal plants is essential to the well-being of humanity 
the literature review focuses on the following: Medicinal plants and their alternative uses 
followed by a description of the species used for this study. The criteria used to classify 
plant species to determine its conservation status follows and shows which categories are 
regarded as protected or threatened plant species. Legislation concerning the harvesting 
and trade of endangered species, the trade in medicinal plants, issues about sustainability 
and the sustainability of bark harvesting follow, after which the effects of girdling is 
discussed. Possible arboricultural treatments to girdling, wound protection after girdling, 
the role of callus development in the healing of trees and the auxin Indole-3-acetic acid 
(IAA) as a possible promoter of callus development and bark recovery are discussed. 
This chapter also provides an overview of plant metabolomics as method to analyze 
metabolites in plants. To conclude the literature review, the gaps in the existing 
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knowledge are identified; the justification for this research project is justified and 
contains a concluding statement. 
 
2.2 MEDICINAL PLANTS AND THEIR ALTERNATIVE USES 
 
South Africa is home to more than 30 000 species of higher plants of which at least 3000 
species are used as medicinal plants (van Wyk and Gericke, 2007:7). Authors differ in 
the number of species that are actively and commonly used and traded but the range of 
species traded is reported to be between 350 and 700 (Mander, 1998:1; Mander et al., 
2007:194; Van Wyk et al., 2013:7).  These species are harvested from a variety of 
ecosystems such as grasslands, forests and thickets and includes a variety of life forms 
of which either whole plants or plant parts such as roots, bark, flowers, leaves, stems, 
bulbs and tubers, are used to treat ailments or to perform rituals (Mander et al., 2007:191).  
Plants were once the primary source of medicines in the world. They continue to provide 
humans with new remedies today as 50% of all drugs in clinical use in the world are 
derived from natural products of which higher plants contribute 25% of the total  (van 
Wyk et al., 2013:8). 
Certain medicinal plants in South Africa are not only used as medicines but also have 
other uses, which increases those species’ vulnerability to extinction. Table 2.1 exhibits 
a list of a few indigenous medicinal trees, the parts of these trees harvested and used 
medicinally, and the alternative uses of the trees. 
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Table 2.1: List of a few indigenous trees species with the plant parts used medicinally 
highlighted and the relative alternative use indicated (van Wyk and Gericke, (2007:202, 
234, 300, 454, 462, 466, 468, 494 and 498; Venter and Venter, 2012:22, 252). 
Species Plant part used medicinally Alternative uses 
Vachellia karroo 
(previously known as 
Acacia karroo) 
Bark Bark used for tanning and for making 
ropes. Seeds roasted and used as 
alternative to coffee (van Wyk and 
Gericke, 2007:494; Venter and Venter, 
2012:22) 
Acacia xantophloea Bark Wood used for general purpose timber 
(van Wyk and Gericke, 2007:498) 
Dalbergia melanoxylon Roots  Wood is black and used for producing 
ornaments, walking sticks and wood 
wind musical instruments (van Wyk and 
Gericke, 2007:454) 
Dombeya rotundifolia Bark, roots and wood Wood used to make implement handles 
and ornaments. Bark fiber used to make 
ropes (van Wyk and Gericke, 2007:234) 
Ekebergia capensis Bark, roots and leaves Wood used to make furniture (van Wyk 
and Gericke, 2007:466) 
Elaeodendron metabelicum Bark Wood used for carved items. Root bark 
yields a yellow dye (van Wyk and 
Gericke, 2007:300) 
Myrsine melanophloeos 
(formerly known as  
Rapanea melanophloeos) 
Bark Wood used for superior furniture and for 
making violins (van Wyk and Gericke, 
2007:202; Venter and Venter, 2012:252) 
 
Historically Curtisia dentata was used extensively for wagon-making and has a hard 
wood which is still used for general carpentry. Apart from its bark’s medicinal uses, it is 
also used for tanning (van Wyk and van Wyk, 2009:292). Ocotea bullata, on the other 
hand, is used to produce high quality furniture which is of the most expensive in the 
world (van Wyk and Gericke, 2007:270). The medicinal uses of these two trees are 
discussed in 2.3.1 and 2.3.2 below. 
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2.3 A DESCRIPTION OF THE SPECIES USED FOR THE STUDY 
 
A high number of Ocotea bullata and Curtisia dentata need to be harvested to maintain 
the demand for medicinal purposes (Cunningham 1993:17; Grace et al., 2002:23). They 
are therefore perceived as important species medicinally, and van Wyk and van Wyk, 
(2009:292) and van Wyk and Gericke (2007:270) described the additional uses of these 
species as listed in 2.2 above, which increases these species’ vulnerability to extinction.  
These two species were used in this study and are therefore described: 
2.3.1 Ocotea bullata (Family Lauraceae) 
Van Wyk and Gericke, (2007:200) and van Wyk et al., (2013:208) described Ocotea 
bullata as an evergreen tree of up to 20 or 30 meters in height. The bark is pale brown 
and has a mottled appearance. The bark of old trees may become dark brown and flaky.  
The medicinal uses of O. bullata bark are listed in Chapter 1. 
The leaves are described as large, glossy green in appearance with characteristic swollen 
pits, called bullae in the axils of the main veins (figure 2.1). The margins of the leaves 
are wavy. 
 
Figure 2.1: The leaves of Ocotea bullata. (www.sanbi.org) 
Van Wyk and Gericke, (2007:200) and van Wyk et al., (2013:208) described the flowers 
as small, greenish-yellow which occur in axillary clusters (figure 2.2). Time of flowering 
is spring to summer but mainly during December and January. The fruits are acorn-like, 
oval, approximately 20mm long with the lower part enveloped by the cup-shaped 
receptacle which becomes purple when ripe. Fruits appear from March to June.  
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Figure 2.2: The flowers of Ocotea bullata. (www.biodiversityexplorer.org) 
The South African National Biodiversity Institute (SANBI) (South African National 
Biodiversity Institute, n.d.) stated that O. bullata was heavily exploited for the timber 
industry in the past, and more recently for bark for the traditional medicine trade. 
Despite its wide, but disjunct, distribution, subpopulations in at least 53% of its range 
have been heavily exploited, rendering them extinct, near-extinct, rare, scarce or 
fragmented. SANBI (n.d.) estimated a minimum of 50% population reduction in the 
last 240 years. SANBI (n.d.) also stated that O. bullata is endemic to South Africa 
and that they occur in the Eastern Cape, KwaZulu-Natal, Limpopo, Mpumalanga and 
the Western Cape provinces of South Africa. Ocotea bullata occurs on the SANBI 
Red Data list. Its conservation status is ‘Endangered’ and the trend is described as 
declining, and is thus protected. 
2.3.2 Curtisia dentata (Formerly in Family Cornaceae – reclassified into Family 
Curtisiaceae) 
Van Wyk and Gericke, (2007:292) and van Wyk et al., (2013:110) describes Curtisia 
dentata as a medium to large-sized evergreen tree of between 10 to 20 meters in height, 
occurring in coastal and montane forest. The bark is described as brown and smooth but 
becomes dark and rough in older trees. The medicinal uses of C. dentata bark are listed 
in Chapter 1: 
Van Wyk and Gericke (2007:292) and van Wyk et al., (2013:110) further describes the 
leaves as leathery, shiny dark green above and the lower surface having prominent 
venation and densely covered with wooly grey or brownish hairs (figure 2.3). The leaf 
margin is strongly and sharply toothed. 
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Figure 2.3: The leaves of Curtisia dentata. (www.redlist.sanbi.org) 
Flowers occur in branched terminal sprays, are small and cream in colour.  Fruit (figure 
2.4) is a whitish, fleshy, roundish berry (pyrenaria) of about 10mm in diameter (Van Wyk 
and Gericke, 2007:292; van Wyk et al., 2013:110). Curtisia dentata has a wide range of 
flowering times since flowering time may vary significantly from year to year over the 
species’ distribution range, and even between two trees of the same species standing next 
to each other (van Wyk and van Wyk, 2009:15). Flowering time is described by van Wyk 
and van Wyk (2009:292) as being between spring and autumn. 
 
Figure 2.4: The fruits of Curtisia dentata. (www.qjure.com) 
According to SANBI (n.d.), C. dentata is currently threatened by bark harvesting for 
the medicinal plant trade and suffered declines in the past due to timber harvesting, 
especially in the southern Cape. SANBI (n.d.) stated that studies conducted in 1906 
indicated that the recorded number of trees felled in the Knysna region in a 12-year 
period between 1889 and 1900 was 41 432 trees, i.e. an average annual output of 3 
452 trees. In the region between Port Elizabeth and East London between 1885 and 
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1900, 4 484 trees were harvested or 747 trees per year. Between 1931 and 1939 the 
total number of trees felled decreased to 1 588 trees, an indication of how the demand 
for timber reduced the population size and timber availability (SANBI, n.d.). It is one 
of the most prevalent bark products in the markets and is widely traded in various 
South African markets. SANBI (n.d.) also described C. dentata as slightly more 
sensitive to bark removal than some other tree species. Curtisia dentata is not endemic 
to South Africa as its range extends from the Cape Peninsula to the Zimbabwe-
Mozambique highlands. In South Africa, they occur in the Eastern Cape, Free State, 
KwaZulu-Natal, Limpopo and Mpumalanga provinces. The species is on the SANBI 
Red List and its status is described as ‘Near Threatened’ while the trend is described 
as declining (SANBI, n.d.).  
 
2.4 PROTECTED PLANT SPECIES 
 
The International Union for the Conservation of Nature (IUCN) has designated the status 
of rare and endangered species using internationally accepted standard of conservation 
categories (Primack, 2012:180). The categories are displayed in table 2.2. The IUCN has 
developed quantitative measures of threat based on the probability of extinction. This list 
is commonly known as the Red Data List and lists plant as well as animal species, 
including birds, insects and reptiles. Species in the critically endangered, endangered and 
vulnerable categories are considered as threatened with extinction and are thus described 
as protected. By tracking the conservation status, or ecological status of these plants and 
animals over time, it is possible to determine whether species are responding to 
conservation efforts or if they continue to be threatened. 
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Table 2.2: The IUCN’s description of conservation categories based on the probability 
of extinction. The categories highlighted are considered threatened (Primack, 2012:181). 
 Category Description 
1 Extinct  
(EX) 
The species is no longer known to exist 
2 Extinct in the wild  
(EW) 
The species exists only in cultivation, in captivity or as a 
naturalized population well outside its original range 
3 Critically Endangered  
(CR) 
These species have an extremely high risk of going extinct in 
the wild 
4 Endangered 
(EN) 
These species have a very high risk of becoming extinct in the 
wild 
5 Vulnerable 
(VU) 
These species have a high risk of becoming extinct in the wild 
6 Near Threatened 
(NT) 
The species are close to qualifying for a threatened category 
7 Least Concerned 
(LC) 
The species is not considered as near threatened or threatened 
8 Data deficient 
(DD) 
Inadequate information exists to determine the risk of 
extinction of the species 
9 Not evaluated 
(NE) 
The species has not yet been evaluated against the Red List 
criteria 
 
In 2010, South Africa published its own list called the Red List of South African Plants, 
which, for the first time, assessed all South Africa’s indigenous plant species (Raimondo, 
2011:1). This assessment was led by the South African National Biodiversity Institute 
(SANBI), and the IUCN’s Red Data List criteria for assessment have been used (see table 
2.3). There has, however, been an inclusion of another category to this list. It included 
rare species based on criteria developed for the South African conservation context. Over 
5000 of South Africa’s plant species were included under this category. The full 
assessment was submitted to the IUCN red list program, and these species are currently 
being reviewed. Once included into the IUCN Red Data List, it would double the number 
of plants on the IUCN global red list (Raimondo, 2011:1). Currently O. bullata and C. 
dentata are on the Red List of South African Plants but they could not be found on the 
IUCN Red Data List after searching their website (IUCN, n.d.). The Red List of South 
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African Plants also describes 13 265 South African endemic plant species (Raimondo, 
2011:1), which includes O. bullata.  
Table 2.3: The IUCN criteria used for assessing conservation categories (Primack, 
2012:182). 
 Red List criteria for assessment Qualification of criteria for the Red List 
categories regarded as threatened 
A Observable reduction in numbers of 
individuals 
The population has declined by 80% or more over 
the last 10 years or 3 generations (whichever is 
longer) 
B Total geographical area occupied by the 
species 
The species has a restricted range and there is 
observed or predicted habitat loss, fragmentation, 
ecological imbalance or heavy commercial 
exploitation 
C Predicted decline in number of individuals The total population is less than 250 mature, 
breeding individuals and is expected to decline by 
25% or more within 3 years or one generation 
D Number of individuals currently alive The population size is less than 50 mature 
individuals 
E Probability that the species will go extinct 
within a certain number of years or 
generations 
Extinction probability is greater than 50% within 
10 years or 3 generations 
 
Raimondo (2011:2) stated that there was a 254% increase in the number of threatened 
species between 1997 and 2009, which can mainly be attributed to urban development, 
cultivation and mining. 
To effectively protect the protected species international regulations and national laws 
have been designed and accepted to regulate the trade of threatened species. The 
international regulations have a few weaknesses though (Tacconi, Boscolo and Brack, 
2003:33) and the national laws have several challenges regarding enforcement and 
compliance, which are discussed in 2.5.3 below.  
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2.5 LEGISLATION CONCERNING THE HARVESTING AND TRADE OF 
PROTECTED SPECIES 
 
2.5.1 International regulations 
 The Convention of the International Trade of Endangered Species (CITES) 
Secretariat is the primary multilateral organization that regulates the trade in 
endangered plant and animal species from the wild under a system of import 
and export permits (Wyler and Sheikh, 2008:36; Tacconi, et al., 2003:32). 
CITES established legal guidelines for the international trade of protected wild 
animals, plants, and derivatives thereof. These animals, plants, and parts are 
subject to varying degrees of trade regulation, based on them being listed in 
the appendices of the Convention. CITES, on its own, does not make illegal 
wildlife trading a crime or prescribe criminal penalties against violators. 
Instead, the treaty relies on member states to execute national legislation that 
enforces CITES commitments and to report to the CITES Secretariat cases of 
noncompliance (Wyler and Sheik, 2008:36).  
  
Exceptions on export and import of wildlife, however, are made for: 
 transit or trans-shipment of species  
 specimens that are personal or household effects  
 specimens that were acquired prior to CITES applying to the specimen  
 non-commercial trade between scientists or scientific institutions  
 or certain specimens that are part of a travelling zoo, circus or other travelling 
exhibition   
 
The CITES regulations have a few weaknesses though, which are: 
1. Export and import permits effectively acquire a value, opening possibilities 
for fraud, theft and corruption in issuing them. Theft and sale of blank 
documents similarly undermines the system. In theory, for an export permit to 
be issued, the Management Authority of the exporting state must be satisfied 
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that the specimen was not obtained in contravention of the state’s laws for the 
protection of fauna and flora. In practice, however, this is often not observed, 
thanks to a lack of capacity and/or corruption (Tacconi et al., 2003:33). 
2. The World Conservation Monitoring Centre (WCMC), once a NGO and now 
part of UNEP, monitors the legal trade taking place under CITES, receiving 
copies of all import and export permits issued. Strictly speaking it is not part 
of WCMC’s remit to investigate illegal trade, although simple inspection of 
the permits sometimes reveals fraud. However, in common with other 
multilateral environmental agreements, CITES lacks a comprehensive and 
independent system of monitoring and verifying the issuance and use of 
permits and the central reporting of data (Tacconi et al., 2003:33).  
3. Cross-checking of the documents against what is in the shipment is also a 
weakness as only a tiny fraction of the volume of goods in international trade 
can ever be physically inspected due to the high volumes thereof. In the case 
of CITES, there are problems in correctly identifying species, out of the almost 
25,000 or so listed in its appendices as well (Tacconi et al., 2003:33).  
CITES as the main international form of regulation is not specifically concerned with 
medicinal plants though, as only a limited number of medicinal plant species are listed in 
its Appendices (Kuipers, n.d.:57). The treaty relies on member states to execute 
national legislation that enforces CITES commitments (Wyler and Sheik, 2008:36).  
2.5.2 South African legislation 
South Africa, as a signatory country to CITES (CITES, n.d.), promulgated and 
implemented its own environmental laws on provincial and national level. Several of 
the original environmental laws in South Africa were, however, revised after the birth 
of the new political dispensation in 1994 (Constitution of South Africa Act 108 of 
1996) (South Africa, 1996). Acts such as the National Environmental Management: 
Biodiversity Act 10 of 2004 (NEMBA) (South Africa, 2004), National Forests Act 84 
of 1998 (NFA) (South Africa, 1998), and the National Environmental Management: 
Protected Areas Act 57 of 2003 (NEMPA) (South Africa, 2003), provided for, and 
facilitated access to natural resources where it has been prohibited before, but with 
focus on the principle of sustainability (Vermeulen, 2009:1). The National 
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Environmental Management: Biodiversity Act 10 of 2004 (NEMBA) (South Africa, 
2004) Notice on Bioprospecting, Access and Benefit-sharing Notice 329 of 2007 (South 
Africa, 2007a) also published draft regulations on bioprospecting and access, as well 
as benefit sharing to protect indigenous knowledge (Vermeulen 2009:2). 
Additionally, traditional healers in South Africa gained recognition in the late 1990’s 
and the Traditional Healers Act 22 of 2007 (South Africa, 2007b) was therefore 
assented to on 8 January 2008 (le Roux-Kemp, 2010:2007). 
The NFA protects South African forests and trees through a licensing system where: “no 
person may without a license collect, remove, transport, export, purchase, sell, donate or 
in any other manner acquire or dispose of any protected tree” (Strydom and King, 
2013:105). The act, however, provides for exceptions in favour of use of natural resources 
and exempts local communities from its licensing provisions: “if the intention for the 
activity is for domestic, cultural, health or spiritual purposes”, but the exemptions do not 
include the use of species that are listed as protected (Strydom and King, 2013:110).  
 
The National Environmental Management: Biodiversity Act 10 of 2004 (NEMBA) 
(South Africa, 2004), in line with the Convention on Biological Diversity (CBD), provide 
for biodiversity conservation, sustainable use and equitable access and benefit sharing. 
The Trade in Protected Species Regulations in NEMBA and the accompanying List of 
Critically Endangered, Endangered, Vulnerable and Protected species provide for a 
listing of threatened or protected species. NEMBA further gives effect to South Africa’s 
obligation to regulate international trade in specimens of endangered species in terms of 
CITES, which is, however, restricted to monitoring of compliance (Strydom and King, 
2013:113). 
NEMPA allows for the declaration of protected environments which may lie outside of a 
formally protected area but may require protection due to its biological value and/or its 
sensitivity. NEMPA aims at protecting threatened or rare species but it also provides for 
the sustainable use of natural and biological resources (Strydom and King, 2013:107). 
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2.5.3 Legislation compliance 
Legislation, prior to 1994 as well as thereafter, has failed to prevent the illegal 
harvesting and trade in South African indigenous plant parts (Botha, et al., 
2004a:1676), the exploitation and sale of protected plants and plant parts, the sale of 
toxic species such Callilepus laureola (although large numbers of deaths were 
reported after these plants were used), the sale of poisonous substances such as 
Potassium bichromate and the practicing of unlicensed herbalists and diviners 
(Cunningham, 1988:14, 15; le Roux Kemp, 2010:279). Cunningham (1993:7) pointed 
out that legislation merely slowed down the rate of increase in exploitation without 
providing any solution. 
The Traditional Healers Act (22 of 2007), for instance, states that: “no person may 
practice as a traditional health practitioner within the Republic of South Africa unless 
he or she is registered in terms of the Act”, but Le Roux Kemp (2010:279) stated that 
very few traditional health practitioners are registered with the Traditional Healer’s 
Association.  
Le Roux Kemp (2010:281,282) also indicated that although the Traditional Healers 
Act 22 of 2007 regulates traditional medical practices, the medicines sold by them are 
not appropriately registered with the Medicines and Related Substances Control Act  
(101 of 1965), and are therefore sold without any control. 
One of the main obstacles to the implementation of conservation laws in South Africa is 
the shared responsibility between national and provincial governments. This has led to 
fragmented implementation. The implementation of conservation laws is also limited by 
the government’s willingness and ability to act against those who fail to comply with the 
law (Strydom and King, 2013:124).  
The continuous increase in the demand for, and supply and trade of medicinal plants 
and plant parts, including protected plant species, in South Africa, is due the 
continuous increase in the human population. South Africa’s population  increased 
from 40.58 million in 1996 to an estimated 54.96 million in 2015 in South Africa 
(Statistics South Africa, 1996). The unemployment rate in 2013 stood at 25.4% 
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(Statistics South Africa, 2017). Factors that contribute towards the failure of 
legislation may thus also include:  
 The increase in numbers of users, traditional healers, commercial harvesters 
and traders resulting from the increase in the human population, 
 The generally low education levels of many South African community 
members (Botha, et al., 2004b:39),  
 A high unemployment rate (Williams et al. 2000:310; Mander et al., 2007:191)  
 The perception that plants are a common property resource with open access 
to all (Dold and Cocks, 2002:590; Cunningham, 1993:13), and 
 The preference of medicinal plants over western medicines in both rural and 
urban South African communities (Truter, 2007:59). 
 
2.6 THE TRADE IN MEDICINAL PLANT MATERIAL 
 
Kuipers (n.d.:49, 50) indicated that the trade in medicinal plants occur on three different 
levels: 
1. On the first level, medicinal plant species are traded nationally, can include 
hundreds of species and trade is usually undertaken at regional medicinal plant 
markets. 
2. The second level is the informal trade of medicinal plant material across national 
borders but within the same continent. Trade consists of fewer species and usually 
consists of rare and/or threatened species. 
3. The third level comprises the formal export trade and a high number of species 
are being traded at significant volumes. 
 
Pharmaceutical companies purchase plant material to process and trade to consumer 
outlets (Mander, 1998:37). They use medicinal plants for the isolation of single purified 
drugs in advanced extract form where the extract is highly standardized in terms of the 
constituents it contains, and as starting material to produce semi-synthetic 
pharmacological substances (Kuipers, n.d.:45). 
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Phytopharmaceutical companies not only use plant extracts but also use raw plant 
material to make tinctures, teas or capsules. Many health products in health shops are 
marketed as such to avoid licensing a product as a medicine (Kuipers, n.d.:46). 
Traditional medicines could also be classified under phytopharmaceuticals but a 
distinction is made here to highlight their importance in the medicinal plant trade. High 
volumes of plant species and material are being traded at national level in several 
countries world-wide (Kuipers, n.d.:46). 
Importers of medicinal plant material, as recorded by Kuipers (n.d.:56), constitute several 
countries world-wide with importing costs at 1994 prices exceeding 824 billion American 
dollars and with Germany, the United States and China being the major importers. 
Imports of vegetable alkaloids and derivatives to Germany alone in 1991 exceeded 11 
000 tons and imports of glycosides and derivatives were 2 900 tons (Kuipers, n.d.:52).  
MEDIMOC, a for-profit commercial company in Mozambique, is the only officially 
allowed company to import and export medical products, including domestically 
collected medicinal plant products in Mozambique (Krog, Falcão and Olsen, 2006:17). 
Products sold to them by commercial harvesters include mainly roots, bark and fruits in 
units of 500 – 1000 Kg. All products are harvested from the wild and the price paid to 
the commercial harvesters range between 0.5 – 1 US dollar/Kg. Krog et al., (2006:17) 
also stated that MEDIMOC only buys the products and that they are not involved in any 
community development or domestication efforts. It is further reported that MEDIMOC 
has no policy on sustainability regarding the harvesting methods used. 
 
The value of medicinal plant material traded at 2002 prices in South Africa was estimated 
to be R270 million per annum (Dold and Cocks, 2002:589). Five years later, in 2007, 
Mander et al., (2007:194) reported that the trade in raw plant material at 2006 prices was 
estimated to be R520 million per annum, and that an estimated additional R2.6 billion of 
plant material was being prescribed by traditional healers annually. Mander et al., 
(2007:194) further stated that the total medicinal plant and product trade in South Africa 
is worth an estimated R2.9 billion per year, and that most of this value does not enter the 
formal trade, which is therefore an addition to the Gross Domestic Product (GDP) 
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2.7 SUSTAINABILITY 
 
International regulations and South Africa’s national laws currently incorporated the 
concept of sustainability, but ongoing debates continue to debate this issue as the 
reference made to the term “sustainable use” is often made without a full understanding 
of the full meaning of sustainability. This is partly because there is not a universal 
definition of sustainability acceptable to all (Garrison, 1994: 316, 317). 
In the book “Caring for the Earth. A strategy for sustainable living” there is reference to 
different uses of the term “sustainable” in combination with other words (Munro and 
Holdgate, 1991:10). According to Munro and Holdgate (1991:10), the World 
Commission on Environment and Development (WCED) defined “sustainable 
development” as development that meets the needs of the present without compromising 
the ability of future generations to meet their own demands”.  Munro and Holdgate 
(1991:10) stated that the term “sustainable growth” is a contradiction in terms as nothing 
physical can grow indefinitely, and that the term “sustainable use” can only be applicable 
to renewable resources, which means using plants/products at rates within their capacity 
for renewal. “Sustainable development” thus means improving the quality of human life 
while living within the carrying capacity of supporting systems (Munro and Holdgate, 
1991:10). 
The earth’s capacity to support human life has diminished significantly. The resources of 
the earth are now severely overtaxed and yet millions of people struggle in poverty and 
lack a tolerable quality of life (Munro and Holdgate, 1991:4).  
Earth has its limits and even with the best technology imaginable, the earth’s resources 
are not infinitely expandable. To live within those limits, Munro and Holdgate, (1991:5) 
state that human population growth must stop everywhere and that the rich must stabilize 
or reduce their consumption of resources. Humanity must not take more from nature than 
what nature can replenish (Munro and Holdgate, 1991:8) which means adopting lifestyles 
and development paths that respect and work within nature’s limits.  
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2.7.1 Principles for a sustainable society  
According the Munro and Holdgate (1991:9-12), the principles for a sustainable society 
are: 
 Respect and care for the community of life, which includes all forms of life, 
humans, plants, animals and all microscopic organisms, 
 Improve the quality of human life, 
 Conserve the Earth’s vitality and diversity, which includes: 
- Conserve the life-support systems, which are the ecological processes the 
keep the planet fit for life. They shape climate, cleanse air and water, regulate 
water flow, recycle essential elements, create and regenerate soil and enable 
ecosystems to renew themselves, 
- Conserve biodiversity, which includes all forms of life, the range of genetic 
stocks within each species and the variety of ecosystems, 
- Ensure that the uses of renewable resources are sustainable, which 
includes the soil, wild and domesticated organisms, forests, rangelands, 
cultivated land and the marine and freshwater systems that support fisheries.  
 Minimize the use of non-renewable resources, such as minerals, oil, gas and coal, 
 Keep utilization in a specific region within the earth’s carrying capacity,  
 Change personal attitudes and practices, 
 Enable communities to care for their own environment, 
 Provide a framework for integrating development and conservation, and 
 Create a global alliance: all countries in the world should adopt the above-
mentioned principles as no nation today is self-sufficient. There will always be 
imports and exports of resources.  
 
The term ‘sustainable use’ was described as using it at rates within their capacity for 
renewal (Munro and Holdgate, 1991:10), and therefore, the term ‘sustainable use’ in the 
case of tree bark, implies that only limited amounts of bark may be harvested for 
utilization using non-destructive methods. Generation times of tree species are generally 
long but the period needed for organ regeneration is unknown. With current rates of bark 
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harvesting and considering future demand, the question arises whether bark harvesting is 
sustainable, even if sustainable harvesting methods are used.  
2.7.2 The sustainability of bark harvesting 
For any plant resource, there is a clear relationship between resources stock, population 
size and sustainable rates of harvest. Low stocks produce low yields, especially if the 
plant species is slow-growing and have low reproduction rates. There is also a 
relationship between the plant part harvested, the harvesting method used and the impact 
of harvesting on the plant (Cunningham, n.d.:119). The removal of wood, bark, roots or 
whole plants leads to the death of the plant but the removal of seeds, fruit or leaves is less 
destructive, and intensive pruning can also affect reproduction (van Andel and Havinga, 
2008:1540). 
The vegetation type from which the plants or plant parts are collected, their abundance 
and growth rates determine sustainable rates of harvesting. In general, the reproduction 
rate of bark after harvesting will determine how much can be used sustainably (Delveaux 
et al., 2009:704). For many countries and many plant species, information on just how 
much bark constitutes sustainability of bark harvesting is totally lacking (van Andel and 
Havinga, 2008:1540). Vermeulen (2009:49) stated that the development of yield systems 
and best practices for bark harvesting can be achieved through controlled, experimental 
harvesting and the long-term monitoring of tree responses to bark harvesting. 
Current rates of bark harvesting are reported by several authors to be unsustainable 
(Botha et al., 2004a:1675; Kambizi and Afolayan, 2006:26; van Andel and Havinga, 
2008:1541). In rural areas, the commercial harvesters’ sole source of income is bark 
harvesting, resulting in the maximum amount of bark being harvested using 
unsustainable and environmentally destructive methods. 
Commercial harvesters in rural areas harvest as the only source of income and therefore 
harvest maximum amounts of bark, using methods that are environmentally destructive 
(Williams et al., 2000:311; Grace et al., 2002:24; Delveaux et al., 2009:705). Chungu, 
Muimba-Kankolongo, Roux and Malambo (2007:1) reported that some large trees in 
Zambia are being felled to obtain the bark from the entire length of the tree and that 
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juvenile trees are being stripped for bark.  Sustainable harvesting is not practiced as 
commercial harvesters have no guarantee that they will benefit from any wise 
harvesting of species in future (Mander, 1998:41).  
Grace et al., (2002:22) stated that current trends indicate that an increase in demand in 
South Africa is at the order of the day due to population growth, slow employment rate, 
influx of foreigners seeking work and limited government resources for welfare 
upliftment, and that the AIDS pandemic adds to the demand in medicinal plants. 
2.7.3 Reasons for the unsustainability of medicinal plant harvesting 
One may question why the harvesting of medicinal plant material is unsustainable in 
Africa if sustainable methods of harvesting were used for centuries by traditional 
healers. Maundu, Kariuki and Eyog-Matig (n.d.) described 13 reasons for the 
unsustainability of medicinal plant harvesting in Africa: 
 A high population growth rate in Africa, as well as globally, 
 Competing land uses of natural vegetation to other form of land uses such as 
agriculture, forestry, urbanization and related infrastructure development, 
 Environmental degradation mainly due to logging and the over-exploitation of 
non-timber products such as rattan and medicinal plants, 
 Loss of indigenous knowledge due to urbanization, 
 Increasing commercialization of traditional medicine, 
 Increasing demand in the local and world markets, 
 Lack of appropriate policies and legislation and/or the failure to enforce them, 
 Poverty and high unemployment, 
 Low prices paid for medicinal plants, 
 Invasive alien plants which pose a threat to indigenous plant diversity, 
 The use of unsustainable methods of harvesting, 
 Undue pressure on specific preferred species, and 
 The slow plant growth, especially that of medicinal tree species.  
Maundu, et al., (n.d.:52) also described 3 key effects of unsustainable harvesting: 
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 Local or global extinction 
 Narrowing of the genetic pool, and 
 Weakening regeneration potential 
In Chapter 1 it was stated that bark harvesting has several effects on trees, and taking into 
consideration the factors attributing towards unsustainable medicinal plant harvesting 
and the key effects of unsustainability, the effects on trees are discussed in detail.  
 
2.8 EFFECTS OF GIRDLING ON TREES 
 
The removal of bark from a tree, whether it is conducted through strip-barking, patch-
barking or the total removal of bark, affects its foliage, flowering, fruiting, seeding, 
basal sprouting and rooting (Noel, 1970: 163-168).  
2.8.1 Water transport  
Transport of water and nutrients in trees is minimally affected by girdling as water 
movement can be both symplastic and apoplastic. Moore (2013:90) explained that 
symplastic movement of water and solutes relates to the movement through the 
continuous connection of cytoplasm (plasmodesmata), and apoplastic movement of 
water and solutes takes place through the non-living cell-walls and intercellular 
spaces of the plant. Movement through cell walls and intercellular spaces can be quite 
significant and explains why tissues immediately above girdle wounds may not dry 
out and die (Moore, 2013:90). Some tree species also have anomalous secondary 
growth which may result in some trees having alternating rings of cambia, xylem and 
phloem while others have lobes of xylem alternating with phloem. It has been well 
documented that girdling alone does not have a major effect on transpiration  (Noel, 
1970:180). Noel (1970:180) stated that studies revealed that girdling only interrupted 
upward movement of water if it introduced embolisms or when tylosis formation was 
promoted. 
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2.8.2 Carbohydrate and hormone flow 
The removal of phloem tissue during girdling of trees affects not only the basipetal 
flow of carbohydrates and hormones from the canopy of the tree to the root system 
but also the acropetal flow of amino acids, sugars and hormones from the roots to the 
canopy of the tree (Moore, 2013:88). However, the interruption of the flow of 
carbohydrates and hormones to the root system has the most serious effects and could 
lead to the death of a girdled tree (Moore, 2013:89). 
2.8.3 Foliar responses 
Swelling of the veins was observed after girdling in peach trees, followed by 
yellowing of leaves and abscission (Noel, 1970:163).  
Girdling may produce some leaf fall in fruit trees but observations on 22 indigenous 
tree species in Central Africa (Noel, 1970:163) showed that no immediate leaf fall or 
wilting occurred after girdling but that the foliage behaviour of the different species 
differed considerably. Normal spring flush was not affected seriously but some 
species developed fewer and smaller leaves, many of which dropped soon after 
unfolding at the beginning of the second season. 
2.8.4 Basal sprouting 
Girdling may stimulate the development of abundant basal sprouts on girdled trees 
although a relation between the size of the tree and the abundance of basal sprouting 
exists (Noel, 1970:167). According to Noel, (1970:167), basal sprouting decreases 
with increasing tree size and trees with smaller diameter sprout profusely.  
2.8.5 Propagation  
For certain tree species, girdling is used to facilitate vegetative propagation by 
promoting the formation of a callus from which adventitious roots develop (Noel, 
1970:166). Acacia mollissima is a species difficult to propagate vegetatively unless 
girdling is used to facilitate the rooting of cuttings. Rooting ability of Hibiscus spp. 
was correlated with parenchyma proliferation at the girdle margin and with the 
accumulation of carbohydrates above the girdle wound (Noel, 1970:166).  
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2.8.6 Flowering and fruiting responses 
Noel (1970:164), Samad et al., (1999:27), and Moore (2013:92) reported an increase 
in the flowering of trees after girdling or ringbarking, which is attributed to the 
retention of and higher levels of carbohydrates in the canopy, as well as the survival 
response at a time of extreme stress. This response, Moore (2013:92) mentioned, is 
the basis for the use of ringbarking in horticulture to improve fruit yield and quality 
(Samad et al., 1999:27; Di Vaio et al., 2008:1).  
2.8.7 Seeding responses 
Increased seeding is reported by Noel (1970:164) in Fraxinus nigra and other 
Northern Hemisphere temperate hardwood species, and has been taken advantage of 
in obtaining more rapid propagation of selected strains in breeding programs. 
However, in Pinus taeda, an increase in cone formation was observed but with half 
the pre-girdled seed yield. It was concluded that girdling stimulated cone production 
due to the accumulation of carbohydrates above the girdle wound, but that a general 
reduction in vigour and a loss of photosynthetic area depressed seed production.  
2.8.8 Responses of tree roots to girdling 
Moore (2013:89) explains that girdling cuts the supply of carbohydrates and 
hormones to the root system of a tree. Immediately after girdling, there are sufficient 
amounts of carbohydrate reserves for active root cell metabolism, but after the 
carbohydrate reserves have been depleted, root growth ceases and root cells begin to 
starve due to a lack of carbohydrates. At that point water and nutrient uptake is 
affected and the tree will start to shed its leaves. The tree will begin to wilt and the 
area above the girdle wound will begin to die, which may eventually result in the 
whole tree dying. 
Some of these effects have been the motivation behind horticultural practices in the 
fruit industry, but most of these effects are devastating. Noel (1970:177) mentions the 
possibility of bridging a girdle but does not mention how it should be executed or 
whether, if done in some manner, it would be successful. Moore (2013:87, 88) 
mentioned that girdling is being used as management tools in forestry and agriculture 
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for clearing land, and for the removal of trees from paddocks. Moore (2013:88) also 
mentioned that horticulturists have used ring-barking and girdling to manipulate plant 
growth form, soluble sugar content and fruit yield and production, but that they are 
careful not to completely ringbark the whole stem or selected branch. Moore (2013:93, 
94) stated that there are treatments which could be applied to ringbarked and girdled 
trees, but gives no indication of whether these methods could be applied on medicinal 
trees when debarked using destructive methods. 
 
2.9 POSSIBLE GIRDLING TREATMENTS   
 
 
Moore (2013:93, 94) describes five restoration methods with which ringbarked and 
girdled trees may be treated. These methods are: 
 
1. Bark patch-grafting – bark is replaced in position immediately after accidental 
removal or through vandalism, then fastened so that callus growth can occur 
rapidly, 
2. Bridge-grafting – by using strips of bark obtained from the same specimen, a clone, 
or the same species, which is inserted into the bark at both the top and bottom of 
the wounds and fastened, 
3. Inarching – by using saplings with developed root systems that are progeny of the     
damaged plant, clones, or of the same species, 
4. Minimizing t h e  risk of  e n v i r o n m e n t a l  s t r e s s e s  such  as water and 
nu t r i en t  availability, preventing waterlogging, providing good irrigation, 
mulching and draining, and appropriate pest and fungal pathogen control, and 
5.  Injections of sucrose into the soil to improve root growth of trees with responses 
dependent of species and the applied sugar concentrations. 
 
Garner (1993:273-278), describes another possible method of bridge-grafting for 
restoring girdles in fruit trees. In this case, the previous year’s lateral shoot growth is 
used as scions to bridge the gap between the upper and lower girdle margins. The scions 
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are taper cut basally and apically, and then inserted under the healthy bark at the upper 
and lower edges of the wound. The scions need to be longer than the width of the wound 
to form an arch after it has been inserted, so that the cambia of the scions have maximal 
contact with the cambium of the damaged tree.  
 
General recommendations advise arborists to either not treat tree wounds or to apply 
a black wound dressing for aesthetic purposes only. There are, however, specific cases 
for which wound treatments are recommended, such as painting wounds on oak trees 
to prevent insect transmission of Ceratocystis fagacearum in areas where oak wilt is 
prevalent (McDougall and Blanchette, 1996:206). 
 
2.10 WOUND PROTECTION AFTER GIRDLING 
 
The use of polyethylene plastic as a covering for tree wounds was first suggested 
nearly four decades ago. Since then, only a few researchers have conducted further 
investigations with this potentially useful wound treatment. 
 
The McDougall and Blanchette (1996:207) study determined the most appropriate 
time to apply wrapping treatment after wounding, as well as the period the wrapping 
needs to remain on the tree to stimulate wound response. McDougall and Blanchette 
(1996:209) explained that wounds must be treated early for optimum wound closure 
and that wrapping after two weeks after wounding yielded results not significantly 
different than that of unwrapped controls. The study also explained that a short 
wrapping treatment period is desirable because of the negative effects that a long 
plastic treatment periods might have on the tree, such as constricting the cambium, 
enlarging lenticels, or encouraging adventitious root growth. Shorter periods of 
wrapping treatment are also recommended because of the deleterious aesthetic impact 
of the plastic wrap on high visibility trees. 
 
From the results achieved McDougall and Blanchette (1996:206) concluded that 
polyethylene plastic sheeting reduces tree trunk desiccation and that it promotes callus 
formation. Yamane, Miyake, Hamana and Sugiyama (2010: 107,108) found that 
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plastic tape cover induces callus development and that all vine girdles developed 
surface calluses following plastic tape cover. Initiation of callus in unwrapped trees 
may be delayed until a tree’s own protective barrier to prevent desiccation is formed 
(McDougall and Blanchette, 1996:208). 
 
McDougall and Blanchette, (1996:208) continued by stating that wrapping 
polyethylene plastic sheets around wounded trees traps wound related gases such as 
Ethylene, and concentrating these gases around wounds may enhance its function. 
The use of clear polyethylene plastic may also perform a thermal protection function 
which might promote callus formation and wound closure in areas where there is not 
much direct sunlight (McDougall and Blanchette, 1996:208). Trees in direct sunlight 
should, however, be covered with white or reflective polyethylene plastic to prevent 
the trees from experiencing dangerously high temperatures beneath the wrapping 
(McDougall and Blanchette, 1996:209). 
 
 
2.11 THE ROLE OF CALLUS DEVELOPMENT IN THE HEALING OF TREES 
 
All plant growth and development originate from meristemic cells and there are three 
meristemic regions in trees: 1) the shoot apical meristem, 2) the root apical meristem, 
and 3) the vascular cambium. The vascular cambium is a secondary meristem as it 
develops later in plant development and originate from the primary meristems 
(Johansson, 2013:13). 
The vascular cambium is a lateral meristem found just beneath the bark of a tree, and 
produces xylem inward from it and phloem outward. Periclinal cell divisions in the 
cambium produce xylem and phloem and anticlinal cell division produces new stem 
cells, allowing the cambium to continue to surround the trunk of the tree as it grows 
and thickens (Johansson, 2013:14). 
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There are two types of initial cells in the vascular cambium, the fusiform initials and 
the ray initials. The fusiform initials differentiate into the sieve elements of the 
phloem and the vessel elements of the xylem. The products of photosynthesis and a 
variety of other solutes, such as hormones, are distributed to different parts of the tree 
in the sieve elements in the phloem, and water and mineral transport occurs in the 
vessel elements of the xylem. The ray initials differentiate into ray cells which 
elongate radially, stretching from the phloem into the mature xylem, and is essential 
for translocation of nutrients from the phloem to the xylem and water from the xylem 
to the phloem. The ray cells also serve as storage tissue for substances such as starch, 
proteins and lipids (Johansson, 2013:14, 15). 
Trees will survive after injury if they have enough time, energy and genetic capacity 
to recognize and compartmentalize the injured tissue while generating new tissue that 
will maintain the life of the tree (Shigo, 1985:101).  Shigo (1985:99) stated that after 
injury to a tree the biochemical activity in the cells surrounding the injury explores 
alternative metabolic pathways, so that the molecules tend to oxidize. The cellular 
contents therefore change and molecules such as tannic acid and gallic acid appear. 
They share the property of being rich in phenol, and phenol compounds tend to be 
anti-bacterial (Shigo, 1985:99). 
 
Another response of trees to injury and infection is to create a new cell wall by means 
of anatomical and chemical processes (Shigo, 1985:99, 100). Wound induced callus 
formation has long been used by horticulturists for propagation purposes (Ikeuchi, 
Sugimoto and Iwase, 2013:3160), and derive from cells originating at the vascular 
cambium, but can also be initiated by ray cells or other parenchyma cells (Neely, 
1988:148). The callus cells are initially non-distinct parenchyma cells but later 
differentiate into the different vessel cells, xylem and phloem which would restore 
sap flow, into cambium cells and bark cells, which over time, can close a wound 
(Neely, 1988:148).  The time required for closure by callus tissue varies with the size 
of the wound, tree vigour and tree species (Neely, 1988:148). 
If callus cells derive from cells that originate at the vascular cambium or from ray or 
parenchyma cells, what triggers the initiation of these callus cells? 
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2.12 THE AUXIN INDOLE-3-ACETIC ACID (IAA) AS POSSIBLE 
PROMOTOR OF CALLUS DEVELOPMENT AND BARK RECOVERY 
 
Hormones are signal molecules that individually or cooperatively direct the 
development of individual cells, or carry information cells, thereby coordinating 
growth and development (Hopkins and Hüner, 2009:305).  
 
Neely (1988:149), claimed that callus growth is regulated by carbohydrates and hormones 
that were synthesized in the crown of the tree and which flow basipetally. Ikeuchi et al., 
(2013:3160) and Bhagya and Chandrashekar (2013:86) explained that auxin and cytokinin are 
the most important hormones in callus induction and development, but also that an 
intermediate ratio of auxin and cytokinin promotes callus induction and that a high ratio 
of auxin and cytokinin or cytokinin and auxin induces root and shoot generation 
respectively. However, Hopkins and Hüner, (2009:339) stated that cytokinin stimulates 
cell division, root and shoot differentiation, the growth of lateral buds, leaf expansion, 
chloroplast development and delays senescence but that they are synthesized primarily in 
the roots and are translocated acropetally in the xylem.   
 
Auxin is described by Hopkins and Hüner (2009: 306,307) and Taiz and Zeiger 
(2010:546) as the quintessential plant hormone and is synthesized in meristemic regions 
and other actively growing organs such as coleoptile apices, germinating seeds, root tips 
and the apical buds of growing stems. Auxins are involved in cell elongation, secondary 
root initiation, vascular differentiation and the development of axillary buds, flowers and 
fruit (Hopkins and Hüner, 2009:311). Hopkins and Hüner, (2009:318) also state that 
however transport of IAA is polar, transport of auxin in shoots is predominantly 
basipetal and that acropetal transport in shoots is minimal. 
 
 
Indole-3-acetic acid (IAA) is the most widely distributed natural auxin although many 
compounds have been discovered which exhibit auxin activity (Taiz and Zeiger, 
2010:546). IAA biosynthesis pathways are not fully understood because of the 
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multiple pathways and the functional redundancy of enzymes within the pathway. 
Tryptophan is the main precursor for IAA in plants (Mashiguchi, Tanaka, Sakai, 
Sugawara, Kawaide, Natsume, Hanada, Yaeno, Shirasu, Yao, McSteen, Zhao, 
Hayashi, Kamiya and Kasahara, 2011:18512). According to Mashiguchi, et al., 
(2011:18512) there are four proposed pathways for biosynthesis of IAA from 
Tryptophan in plants: 1) the YUCCA (YUC) pathway, 2) the indole-3-pyruvic acid 
(IPA) pathway, 3) the indole-3-acetamide (IAM) pathway, and 4) the indole-3-
acetaldoxime (IAOx) pathways. Indole-3-ethanol, indole-3-acetaldehyde and indole-3-
acetonitrile are known to express auxin activity but Hopkins and Hüner (2009:308) stated  
that these compounds also serve as precursors to IAA and their activity is due to their 
conversion to IAA in plant tissue.  
 
 
Another naturally occurring auxin, indole-3-butyric acid (IBA), synthetic chemicals such 
as 4-chlorolindole acetic acid (4-chlorol-IAA) and the naturally occurring aromatic acid 
phenyl acetic acid (PAA) have also reported to exhibit auxin activity. These chemicals 
are structurally like that of IAA and provoke many of the same responses of IAA, but 
according to Hopkins and Hüner (2009:308), it is not clear at this stage whether they are 
active on their own or whether they are first converted to IAA. 
 
Mwange, Hou and Cui (2003:1902) stated that bark recovery after girdling involves 
four main steps namely: a) callus initiation b) division and dedifferent iation of 
immature xylem cells c) phellogen and cambium formation, and d) cambial region 
establishment, and that the study conducted showed that the accumulation and strong 
fluorescence signal of IAA during the first three steps showed that bark recovery was 
dependent on IAA. Pang, Zhang, Cao, Yin, He and Cui (2008:1348) found that IAA 
and sucrose contribute to the differentiation of sieve elements during bark 
regeneration. 
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2.13 AN OVERVIEW OF METABOLOMICS 
 
 
This study made use of metabolomics as the method for analyzing bark samples to 
determine: 1) whether carbohydrate concentrations above and below wounds changed 
over time, and 2) whether girdling triggered an increase in IAA concentration to 
initiate callus development. An overview of plant metabolomics as the method for 
analysis is therefore provided. 
 
The term “metabolome” refers to the complete set of small-molecule metabolites 
which can be found in a biological sample, which includes intermediates in primary 
metabolic pathways, hormones and secondary metabolites (Robinson, 2009:4; 
Johansson, 2013:11). Metabolites are the end products of cellular regulatory 
processes, and their levels can be regarded as the ultimate response to genetic or 
environmental changes (Fiehn, 2002:155). Metabolomic research provides 
comprehensive quantitative and qualitative information about the dynamic changes of 
small-molecule metabolites, which facilitates an understanding of metabolic 
processes (Xie, 2007:30). Metabolomics therefore does not only focus on a selected 
few compounds produced by a plant, but targets the whole metabolome. 
 
Metabolomic analysis can be broadly classified into “targeted” and “non-targeted” 
analysis. Targeted analysis, or metabolic profiling, focuses on quantifying a defined 
group of metabolites that are related by molecule class or metabolic pathway. Non-
targeted analysis is used to measure as many metabolites as possible, therefore 
creating a global metabolic fingerprint (Robinson, 2009:5). There is interdependency 
between targeted and non-targeted analysis because they have shared ultimate 
objectives, which is: improved biological understanding and diagnostic capabilities 
(Robinson, 2009:5).  
 
For non-targeted analysis and interpretation, as well as for targeted metabolite 
identification and quantification, NMR spectra are required. 1H NMR signals are 
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generated by the motion of magnetic moments of protons or other nuclei in a magnetic 
field after their excitement with a high-frequency pulse (Zheng, Zhang, Ragg, Raftery 
and Vitek, 2011:1637). Transformation of the signal yields a chemical shift, which is 
a measure that expresses the dependence of nuclear magnetic energy on the chemical 
and electronic environment in the molecule (Zheng et al., 2011:1637). A 1H NMR 
spectrum displays chemical shifts in parts per million (ppm), which is the difference 
in hertz between a resonance frequency and that of a reference substance, over a 
frequency of magnetic field in megahertz (Zheng et al., 2011:1637).  
A metabolite detectable by NMR contains one or more protons, and each of the 
protons produces one or more peaks. The number of peaks generated by a metabolite, 
as well as their location and ratio of heights, are reproducible and uniquely determined 
by the chemical structure of the molecule (Zheng et al., 2011:1637). Researchers can 
therefore identify metabolites by matching the observed spectra to reference spectra 
in a database. The area of the peaks from a metabolite is directly related to its 
abundance, thus, as the abundance changes, the heights of the peaks of metabolites 
change (Zheng et al., 2011:1637). 
 
2.14 IDENTIFICATION OF THE GAP IN EXISTING KNOWLEDGE  
 
 
A string search (10 March 2015) revealed that scientific literature on medicinal plant 
material (1 240 000 hits), effects of bark harvesting (77 300 hits), human ailments 
treated using plant material (60 100 hits), sustainable management of medicinal plant 
species (29 4000 hits) and other related topics are abundant. The opposite is 
unfortunately true for scientific literature on bridge-grafting as a technique to restore 
tree growth, although the technique itself has been known for many years and is being 
described in various literature relating to grafting techniques and principals in 
horticulture. 
 
A string search using the word “bridge-grafting” revealed 34 800 studies (Google 
Scholar) but mainly in the field of medical sciences. Filtering through all these 
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studies, only four scientific studies relating to the effects of bridge-grafting on the 
growth of trees could be found, three on apple trees and one on cherry trees. A string 
search using the words “bridge-grafting and tree growth” revealed two more scientific 
studies, one on apple trees and one on citrus trees. The remainder were literature 
describing the process of bridge-grafting, explaining that it could be used to restore 
growth in fruit trees if damaged by rodents or through mechanical injury. A total of 
six scientific studies where bridge-grafting was used to restore growth in trees could 
thus be found, one of which was a citation only (dated 1965). All these studies were 
conducted on fruit trees only. Only one study could be found which describes the use 
of bark-grafting as method of wound treatment in urban trees and no scientific bridge-
grafting studies using lateral shoot growth on medicinal tree species could be found. 
  
The study areas of nature conservation, horticulture, plant physiology and plant 
metabolomics also appeared to be relatively compartmentalized regarding to topics 
relating to each study area. The researcher, however, aimed at combining the four 
study areas into one study by using a horticultural technique well described but with 
extremely limited available scientific literature, to solve a highlighted problem 
experienced in the field of nature conservation, using what is known in plant 
physiology as a method of validating research results and by using plant metabolomics 
as a method for the analysis of metabolites in the bark of trees. Combining what is 
known in other study fields into one study could initiate a study field previously 
unexplored.  
 
 
2.15 RESEARCH JUSTIFICATION 
 
 
Medicinal plant material still largely contributes to primary healthcare in developing 
countries (Kambizi and Afolayan, 2006:26; van Andel and Havinga, 2008:1540). It is 
also still widely used as a source for the production and trade of western medicines 
by pharmaceutical and phytopharmaceutical companies in developed countries. 
Medicines deriving from plant material are also being prescribed by alternative 
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medical practitioners and sold in health shops (Kuipers, n.d.:45, 46). To obtain bark for 
the medicinal trade market, trees are being girdled, not by these pharmaceutical 
companies, exporters and medical practitioners, but by commercial harvesters (Krog et 
al., 2006:17). 
 
To meet future demand, more resources will be needed (Grace et al., 2002:22), while 
the current rates of harvesting using destructive harvesting methods (Delveaux et al., 
2009:705), the population growth rate, urban expansion and the increased area of land 
converted to agriculture and forestry practices contribute towards a severe reduction 
in available trees in medicinal tree species populations (Cunningham 1988:1).  
 
Several literatures advocate the necessity to conserve medicinal plants; however, no 
scientific literature could be found which describes methods of possible restoration to 
be implemented on medicinal trees damaged through bark harvesting. The technique 
of bridge-grafting is widely described in literature pertaining to horticulture, but has 
not been experimented with on medicinal trees. The technique could provide 
conservationists, horticulturists and foresters with a possible method for reducing the 
extensive damage inflicted on wild resources, and it could prove to be essential for 
the continued existence of over-exploited, highly valued medicinal tree species, as 
well as for the maintenance of tree species diversity, genetic diversity and 
biodiversity.  
 
According to Delveaux et al., (2009:704), tree responses to girdling is species-
specific, and it would consequentially be of importance to experiment with bridge-
grafting as a technique to restore growth on all medicinal tree species to determine 
the different tree species’ responses to bridge-grafting after girdling. 
 
2.15 CONCLUDING STATEMENT 
 
  
Girdling has been used as a tool in several scientific studies but only a few studies 
relating to horticulture combined ringbarking and bridge-grafting. These studies were 
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all conducted on economically important fruit trees. Scientific studies explaining 
methods to use on medicinal trees extensively damaged through bark harvesting could 
not be found, although several literatures advocate the necessity to conserve medicinal 
trees because of their importance to human health.  
 
Several South African indigenous trees are used medicinally as well as for other 
purposes such as firewood, furniture production and tanning. Ocotea bullata and 
Curtisia dentata, are two such multipurpose species and are regarded as important in 
the traditional medicine industry. Increasing scarcity of these species leads to higher 
prices, which, in turn, acts as incentive for increased harvesting by commercial 
harvesters who harvest as the only source of income. These species are, however, on 
South Africa’s Red Data list and their conservation statuses are ‘endangered’ (O. 
bullata) and ‘near threatened’ (C. dentata) due to past and present over-exploitation 
and are thus protected species. Ocotea bullata is also endemic to South Africa and 
both species’ trends have also been described as ‘declining’. Every possible measure 
to conserve trees damaged through medicinal bark harvesting should thus be 
investigated. 
 
The effects of girdling are devastating and some suggestions were provided to 
implement on girdled or ringbarked trees, none of which is a practical solution when 
a tree girdled for the medicinal trade is found by chance in the veld. The bridge-
grafting technique using lateral shoots from the previous year’s growth, however, is 
a method that could be used in such a case, and was thus the choice of technique to 
use for this study.  
 
Because both species used for the study are on the South African Red list, and a permit 
needed to be obtained to work on them, every precautionary measure was taken to 
prevent desiccation, insect and fungal attacks and to promote callus development on 
the trees after girdling. Covering the girdle wounds with polyethylene plastic sheeting 
and painting the wounds and scion unions with a water-based bitumen grafting sealer 
and protect was thus necessary. 
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To be able to answer the research questions regarding carbohydrates and hormones,  
bark samples needed to be analyzed. Metabolomics, or 1H NMR spectroscopy was 
the preferred method for analysis as it analyzes all chemical components present in a 
specimen sample, and to target only the components applicable to the research 
questions.  
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CHAPTER 3. RESEARCH DESIGN AND METHODOLOGY 
 
 
3.1 INTRODUCTION 
 
This research study involved fieldwork and laboratory work. Fieldwork involved girdling 11 
trees of each species by means of total bark removal, the bridge-grafting of 10 trees of each 
species by means of the insertion of scions, and subsequent bark sample collection where 
cubes of bark were removed above and below the girdle wounds of the trees, preserved and 
taken to a laboratory.  
 
Laboratory work entailed preparing the samples for Nuclear Magnetic Resonance (NMR) 
spectroscopy and subsequent metabolomic analysis of the samples by the NMR. The NMR 
produced spectra which were statistically analyzed using computer programs specifically 
designed for NMR spectra.  
 
 
3.2 RESEARCH DESIGN 
 
The study was conducted with a case study approach using empirical studies which 
included fieldwork. Bark samples were collected and transported to a laboratory for 
analysis using plant metabolomics as a method of analysis, and primary numerical data 
was used to analyze data statistically. 
The methodology described by Samad et al., (1999:25) was used to girdle trees, with 
some modifications. The girdle wounds were increased from 8cm to 15cm, and all 
tissue external to the vascular cambium was removed. The methodology described 
by Garner (1993) was used to bridge-graft trees. 
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3.2.1 Quantitative methods 
It was important not to compromise the quality of the research regardless of the 
limitations imposed. Because both species used for the study are listed on the South 
African Red Data species list, strict criteria for selection such as crown health, age 
and tree vigour were used, and the highest possible standard of workmanship was 
conducted to give the trees the maximum chance of survival, and to ensure reliability 
of the data. Tree selection criteria, individual bark sample sizes, bark sampling 
structure, sample sizes (how many samples), sampling frequency, monitoring and data 
collection were designed to include the following:  
3.2.1.1 Tree selection criteria and sample sizes 
 Because of the limitations imposed, 99% of the trees to be girdled could only 
be selected from trees used in previous bark harvesting experiments. 
 One tree of each species could be selected on which no previous harvesting 
experiments was visible  
 Sample sizes included 12 trees per species,  
 11 trees were selected from previous harvesting experimented trees,  
 One tree on which no harvesting experiments have been conducted, 
referred to from here as the normal control tree.  
Tree selection was based on the following criteria: 
 No trees with apparent loss of vigour due to age,  
 No trees with very thin trunks where the available reserve carbohydrates below 
the girdle wound may be insufficient for continuous carbohydrate metabolism 
by the roots after girdling, thus no trees below 20cm DBH as per requirements 
from SANParks.  
 Only trees with very healthy crowns.  
3.2.1.2 Bark sampling structure, sizes and frequencies 
 The initial bark samples were cut from the bark during girdling (one sample 
per tree = 12 x 2 = 24 samples) and these samples were regarded as “normal” 
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trees as the trees were “undamaged” until girdling took place, and it yielded 
“normal” metabolite results during analysis. After the initial bark sampling, 
samples were collected bi-monthly between November 2015 and September 
2016.  
Bi-monthly bark sample collection entailed the following: 
 From the normal control tree of each species, one small rectangular cube of 
approximately 30mm x 8mm was removed from the tree trunk at 
approximately 1.5m above ground level at each sampling date. The holes were 
plugged with wax and painted with bitumen grafting sealer and protector.  
 From the girdled control tree of each species, as well as all the grafted trees of 
each species, two samples were collected at each sampling date, one 
approximately 10cm above the scion unions and one approximately 10cm 
below the scion unions.  
 A total of 24 samples were thus collected at the initial bark sampling during 
girdling (12 trees x 2 species) and a total 46 samples were collected per 
sampling date from November 2015 until September 2016 [(11 trees x 2 – the 
samples above and below wounds) + 1 sample from the normal control tree)] 
per species x 2 species = 46 samples. 
 There were 7 sampling dates (1 initial sample collection + 6 sample collections 
from November) and therefore the total number of samples are {(46 samples x 
6 sampling dates = 276 samples) + (12 samples x 2 species – initial bark 
samples = 24 samples)}. Therefore, a total of 276 + 24 = 300 samples was 
collected. 
 A total of 13 samples were collected from each of the grafted and girdled 
control trees over the research period (6 samples above and 6 samples below 
the girdle wounds from November 2015 plus the 1 sample of each tree 
collected during girdling = 13 samples per tree), and 7 samples were collected 
from the normal control tree of each species over the research period (1 sample 
per sampling date x 7 sampling dates).  
 To explain the totals:  
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 From the girdled control tree (1 tree per species) and the grafted trees 
(10 trees per species) [11 girdled trees x 2 species = 22 girdled trees],  
 22 girdled trees {6 samples x 2 (above and below) + 1 (initial bark 
sample collected during girdling) = 13 samples per tree}, a total of 22 
x 13 = 286 samples 
 And from the normal control trees: (7 sampling dates x 2 species - one 
sample from each tree, including the initial bark sample collected 
during girdling) = 14 samples.  
 Therefore, a total of 286 + 14 = 300 samples. 
Sampling took place on opposite directions at each sampling date to prevent a 
disruption in the flow of metabolites on one side of the tree, especially in the normal 
control trees.  Each hole left after sampling was plugged with paraffin wax (candles) 
as described by Garner (1993:119). Each hole and plug was painted with a water-
based bitumen grafting sealer and protector to ensure the prevention of insect, fungal 
and/or pathogen infestation. 
3.2.1.3 Monitoring and data collection 
Monitoring after the girdling and bridge-grafting processes was conducted bi-monthly 
from November 2015 until September 2016. Trees were monitored for tree canopy 
responses, callus initiation and development, and scion union condition. Trunks above 
and below the girdle wounds were measured (15cm above and 15cm below) from 
September 2015 until September 2016 to determine the extent of carbohydrate 
accumulation.  
3.2.2 Instruments and machinery used for girdling, bridge-grafting, bark 
sampling, bark processing, metabolite extraction, and analysis. 
 Girdling was executed using a bow saw, a hammer and a chisel.  
 The bridge-grafting process was executed using a chisel and hammer and a 
flat-tipped screwdriver. Secateurs were used to cut scion material, a carpet 
knife was used to taper-cut the scion edges, and a hammer and wire staples 
were used to secure the scions and bark to the tree. 
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 For bark sampling a hammer, chisel and flat-tipped screwdriver was used to 
cut out small rectangular blocks of bark and tissue material, 2ml cryo-vials 
were used to collect the individual samples, and liquid nitrogen was used to 
preserve the samples. Each sample was marked using a permanent marker. The 
bark samples were transported from the Western Cape to Gauteng in  a 
polystyrene container with 2,5kg of dry ice (the maximum allowed on 
aeroplanes).  
 A Labonco® Freezone 2.5 freeze drier was used to dry the sample material. 
An IKA® A11 grinder was used to grind the bark samples and 70% Ethanol 
was used to clean all equipment. Samples were weighed on a Shimadzu ATX 
124 scale, and stored in Eppendorf tubes. 
 Deuterium water (D2O) with a phosphate buffer (KH2PO4) containing a 
standard, trimethylsilylproprionic acid sodium salt (TSP), and deuterium 
methanol (Methanol D4) was used for the extraction of metabolites present in 
the bark samples.   
 Deuterium chloroform was used for the extraction of apolar compounds in a 
second set of samples. All extracting chemicals were acquired from Merck. A 
Stuart vortex mixer was used for vortexing sample material after the chemicals 
were added, a Branson 1800 sonicator was used to sonicate samples and a 
Labonco centrifuge was used to separate the bark and the fluid. The samples 
were individually analyzed with the Varian 600 MHz Nuclear Magnetic 
Resonance (NMR) spectrometer using standard 5mm Norell tubes.  
 
3.3 RESEARCH METHODOLOGY 
 
3.3.1 Tree selection 
 Tree selection was based on using trees on which previous experiments have 
been conducted and was selected by SANParks staff. Finding the trees on 
which previous experiments have been conducted proved to be extremely 
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difficult as they were not appropriately mapped, nor were their coordinates 
recorded. 
 Of the trees that met the criteria for selection, only trees with 81-100% healthy 
crowns (dense foliage cover and no apparent dieback) were selected and 
marked with red (Curtisia dentata) and orange (Ocotea bullata) numbered 
ribbons on the 25th and 26th of June 2015.  
 Two trees of each species of which the main crowns have been damaged by 
wind, but with very healthy leader shoots (81-100% healthy) now acting as 
crowns had to be included into the study as no other trees meeting the criteria 
described by SANParks or the researcher’s selection criteria could be found in 
the allocated areas of research.  
 No trees with visible decay were selected, however, one C. dentata tree trunk 
did show signs of decay during girdling and this was noted during the trials. 
For the bridge-grafting process on this specific tree incisions into this tree were 
made where live tissue could be found.  
 The Diameters at Breast Height (DBH) of all the trees ranged between 17.6cm 
and 36cm for C. dentata and between 17.5cm and 33.9cm for O. bullata.  
 The inclusion of a small number of trees below and above the prescribed DBH 
range was necessitated by the difficulty to find trees within the range and the 
lack of an appropriate map (or the coordinates) of trees on which previous 
harvesting experiments have been conducted.  
3.3.2 Method for girdling of trees 
 A ring around the tree trunk was sawn into the bark of the tree trunk at 
approximately 1.2m above ground level.  
 A second ring was sawn into the bark at a level of 15cm above that of the first 
level. 
 Both cuts were made to depths of between 1.5mm and 15mm, depending on 
bark thickness.  
 All bark and tissue between the two cuts were removed to completely cut off 
the flow of metabolites in the trees (figure 3.1).  
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Figure 3.1: All bark and tissue were removed using a hammer and chisel (Photo by 
A.S. van Wyk, 31 August 2015).  
 
 After girdling was completed, 10 of the girdled trees were covered in 
polyethylene plastic sheeting and secured at the edges with duct tape to prevent 
desiccation, insect attack and to promote callus development (figure 3.2).  
 The remaining girdled tree of each species was not covered with plastic 
sheeting as it served as control. 
 
Figure 3.2: Plastic sheeting around the wound with edges secured with duct tape 
(Photo by A.S. van Wyk, 31 August 2013). 
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3.3.3 Method for bridge-grafting 
 Trees were bridge-grafted 14 and 15 days after girdling for O. bullata and 15 
and 16 days after girdling for C. dentata (five trees were grafted per day). The 
reasons for the time lapse between girdling and grafting were: 
 The initial bark samples had to be analyzed.  
 Considering the reality that girdled trees are seldom found in the veld 
directly after they were girdled, grafting two weeks after girdling would 
portray reality. 
 Each tree’s plastic sheeting was removed and the girdle wounds painted with 
a water-based bitumen grafting sealer and protector just before the grafting 
process commenced. 
  L-shaped incisions the width of the scions was made into the bark above and 
below the girdle wound at matching positions. Incisions were cut in 
approximately 5cm above and below the girdle wound as dieback may have 
occur at the wound margins, and scions had to be inserted into live tissue.  
 Freshly-cut scions were used, and were cut from young growth of the previous 
year from young trees or saplings of the same species, and defoliated. Saplings 
were used as the adult trees were very tall (12-15m) and their canopies could 
not be reached for scion collection. Each scion was taper-cut basally and 
apically and the slants were in opposite directions. The length of each scion 
was approximately 15cm longer that the width of the girdle. 
 Scions were treated with a fungicide before grafting commenced.  
 The bark at the incisions below and above the wound were lifted and the taper-
cut, fungicide-treated edges of the scion was inserted beneath the bark in such 
a manner that the cambium of the scion was in tight contact with the cambium 
of the trunk of the tree. The scion needed to have an arch between the two 
insertions to allow for maximum contact between the cambia of the scion and 
the cambium of the damaged tree.  
 After insertion of the scion at both ends of the girdle wound, the bark and 
scions were fixed to the tree using a hammer and wire staples. This procedure 
ensured that there was no scion movement. 
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 This treatment was repeated around the girdle wound at approximately 5cm 
intervals. When the whole wound was treated in this manner, a layer of water -
based bitumen grafting sealer and protector was painted over the graft unions 
(figure 3.3). The scions, however, were not painted.  
 
Figure 3.3: The bridge-grafting process completed and painted with a water-based 
bitumen grafting sealer and protector (Photo by A.S. van Wyk, 14 September 2016).  
3.3.4 Bark sample collection 
After the initial bark sampling during the girdling process, bark sample collection on 
the following eight sampling dates from November 2015 to September 2015 entailed 
the following: 
 From the normal trees one sample was collected by cutting out rectangular 
cubes of approximately 30 x 8 mm, and sampling was executed at a similar 
height as the first collection but each time from different sides of the tree so 
that the flow of metabolites would not be disrupted. 
 From the control and grafted trees two samples were collected in the same 
manner as for normal trees at each sampling date, one approximately 10cm 
above the scion unions and the other approximately 10cm below the scion 
unions, also from different sides of the tree.  
 Each hole left by sampling was immediately plugged with wax and painted 
with water-based bitumen grafting sealer and protector. 
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 Samples were put into cryo-vials at each sampling date (figure 3.4) and 
immediately immersed into liquid nitrogen (figure 3.5).  
 After all the samples were collected and shortly before boarding on an 
aeroplane, the samples were put onto dry ice for transport  to Gauteng.  
 The samples were delivered to the laboratory approximately 1 and a half hour 
after landing. 
 
Figure 3.4: Each sample was put into a cryo-vial (Photo by George Sass, 14 
September 2015).  
 
Figure 3.5: Each sample was immediately immersed into liquid nitrogen (Photo by 
George Sass, 14 September 2015).  
3.3.5 Bark processing and metabolite extraction 
 The frozen samples were placed into a sample rack, put in the Labonco® 
Freezone 2.5 freeze drier and freeze-dried for 24 hours at -68°F (-55.5º C) with 
a vacuum of 0.010 millibar.  
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 Each sample was separately ground to a fine powder with an IKA® A11 
grinder and placed back into the cryo-tubes.  
 To prevent contamination all equipment used was thoroughly cleansed and 
sterilized with 70% ethanol.  
 From each sample two samples of 50mg each of the powdered sample material 
was weighed off on a Shimadzu ATX 124 scale and placed into separate 
Eppendorf tubes. The material was stored at -80°C until used.  
 One set of samples was used to extract metabolites using deuterium water 
solution and deuterium methanol. The solution was prepared by adding x g 
KH2PO4 and x g TSP to 100ml of deuterium water with the pH adjusted to 6 
using NaOD.  
 The process of extraction of the first set of samples entailed adding 750 
microliters of deuterium water solution and 750 microliters of deuterium 
methanol into each of the samples in the Eppendorf tubes.  
 The tubes were then vortexed for 1 minute each, sonicated for 20 minutes and 
centrifuged for 15 minutes.  
 At least 600 microliters of the supernatant, now containing the metabolites, 
were transferred using glass pipets into 5mm Norell NMR tubes.  
 NMR lids were placed onto each NMR tube to reduce evaporation before 
analysis on the NMR spectrometer.  
 For each sample 64 scans were recorded with consistent settings throughout. 
For polar samples PRESAT settings was applied to suppress the water peak. 
 The second set of samples was used to extract the apolar compounds using 
deuterated chloroform. 
 For the apolar extracts, 1.5ml deuterium chloroform was added to each sample, 
separately vortexed for one minute and sonicated for 20 minutes but the 
samples were not centrifuged because the sample material floated on top of the 
supernatant. To extract the fluid, a piece of cotton wool was placed into the 
Eppendorf tube and pushed to the bottom pushing the bark particles down with 
it. The liquid was extracted through the cotton wool to obtain a clear 
supernatant. The plant material particles were floating on top of the fluid and 
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no particles should be included as it affects the analysis. The rest of the 
processes were the same as for the first sample set. For each sample, 64 scans 
were recorded, but without PRESAT settings as with the polar samples. 
 After each NMR analysis, the set of NMR tubes were washed thoroughly with 
acetone and heated in an oven preheated to 110° C to dry and sterilize the NMR 
tubes, and to prevent contamination of the next sample set to be analyzed. 
3.3.6 Metabolic analysis 
Metabolomic analysis was done using the 1H NMR profiles obtained for each sample 
(figure 3.6).   
 Each sample was pre-processed to ensure alignment of the sample spectra and 
then analyzed using multivariate data analysis.  
 MestReNova was used to process the spectral data produced by the NMR.  The 
data was normalized, baseline corrected, phased and referenced according to 
the internal standard TSP and binned into 0.04 parts per million (ppm) bins. 
The data was exported to MS Excel before multivariate data analysis using 
Soft Independent Modeling of Class Analogy (SIMCA).  
 The database was imported into SIMCA and scaled using the Pareto setting. 
Pareto scaling is used to reduce the influence of intense peaks while 
emphasizing weaker peaks that may have biological relevance. 
 PCA and OPLS plots were produced by SIMCA at a 95% confidence level.  
 Various databases such as Chenomx, the Human Metabolome Database 
(HMDB) and previously published data were used to annotate metabolites in a 
specific sample, which is the metabolic fingerprinting and metabolic profiling 
processes.  
 To determine changes within the trees over time the databases of each species 
with the same extracting solvent was loaded onto SIMCA simultaneously to 
conduct multivariate analysis.  
 The PCA and OPLS plots were used to visualize the changes in the metabolite 
profile of the trees over time. With each sampling date, the database was 
expanded to include the new samples’ analysis.
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Figure 3.6: An example of the spectrum of one sample generated by the NMR 
spectrometer.  
3.3.7 The extent of callus development 
Callus development was estimated visually by comparing the area covered by callus 
development to the area not covered by callus development at each monitoring date.  
3.3.8 Carbohydrate accumulation 
Only the part external to the vascular cambium was sampled and metabolomic 
analysis is not able to identify starch as it is too complex. Starch accumulates mainly 
in the sapwood of a tree which is the area internal to the vascular cambium, or in the 
roots (Gott, Barton, Samuel and Torrence, 2006:38). The extent of carbohydrate 
accumulation was thus estimated by measuring the circumferences of the tree trunks 
approximately 15cm above the girdle wounds. Circumference measurements were 
also taken to determine whether the circumferences decreased, increased or remained 
the same. 
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3.4 STATISTICAL ANALYSIS 
 
Statistics is a tool for data analysis (Keller, 2005:1). It is a collection of methods used 
to process large amounts of data and report overall trends. Statistics can be descriptive 
or inferential. Statistical inference is the process of making an estimate, prediction, 
or decision about a population based on sample data (Keller, 2005:5). Data consists 
of attribute data or numerical data of which the variables can be discrete - numerical 
data from a countable number of possible values, or continuous - numerical data from 
infinite many possible values that can be associated with points on a continuous scale 
in such way that there are no gaps or interruptions (UNISA, n.d.:3-1). The variables 
in data can by univariate, bivariate or multivariate.  
 Univariate data is the type of data in which analysis are made only based on 
one variable. 
 Bivariate data is the data in which analysis are based on two variables per 
observation simultaneously. 
 Multivariate data is the data in which analysis are based on more than two 
variables per observation. Usually multivariate data is used for explanatory 
purposes. 
With this study, multivariate data is used as one sample contains a variety of chemical 
components. 
Statistical analysis can be done manually or by using specially designed computer 
programs. In the case of metabolomics, the programs MestReNova, Excel, SIMCA 
and Chenomx were used. 
 The spectra produced by the NMR spectrometer was loaded onto MestReNova 
where numerical data is generated.  
 The numerical data is transferred to Excel to produce a database for a specific 
species of which a specific extraction method is used.  
 From Excel, the database is loaded onto SIMCA for spectral analysis.  
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 The SIMCA analysis construct a metabolomic fingerprint of the analysis 
whereby all metabolites are analyzed. 
 With this study two model types were used for spectral analysis using SIMCA, 
1) Principle Component Analysis (PCA - unsupervised), and 2) Orthogonal-
Partial Least Squares or Orthogonal Projections to Latent Structures (OPLS – 
supervised). 
 After the numerical data is loaded onto SIMCA the PCA model produces a 
score plot which exhibits all the samples used for the study with a 95% 
confidence level (figure 3.7). The 95% confidence level means that if the same 
population is sampled on numerous occasions and interval estimates are made 
on each occasion, the resulting intervals would bracket the true population 
parameter in approximately 95% of the cases.  
 Databases with one specific solvent of a specific species over several sampling 
dates can be loaded onto SIMCA simultaneously, thereby exhibiting a score 
plot in which the changes over time are exhibited.  
 In the example below databases of three sampling dates are exhibited. The 
PCA model includes all components in a sample. 
 
Figure 3.7: An example of a PCA score plot.  
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The individual samples falling outside the 95% confidence level (ellipse) in the score 
plot was removed.  
 When changing the model type to OPLS clear differences between the 
individual samples at different sampling dates are displayed (figure 3.8). 
 
Figure 3.8: An example of an OPLS score plot.  
A contribution plot was constructed to identify NMR regions responsible for the 
groupings in the PCA and OPLS plots (figure 3.9) 
 The bars above the line represent the regions with a positive association to the 
sample group and the bars below the line negatively associates to the sample 
group. 
 
Figure 3.9: An example of a contribution plot exhibiting the NMR regions from 0 to 
10ppm 
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Chenomx is then used to link the NMR regions to peaks of compounds with similar 
NMR peaks. When all the sugar regions were removed from the contribution plot, 
clear differences between the responses of individual samples at the different 
sampling dates are exhibited (figure 3.10). 
 
Figure 3.10: An example of an OPLS score plot excluding the NMR regions of 
sucrose/sugar.  
The heights of peaks on the spectra produced by the NMR spectrometer change 
according to the concentrations of metabolites present in a specific sample at a 
specific sampling date (Zheng, et al., 2011:1367). The changes in concentrations of a 
specific metabolite are determined using Chenomx as it not only displays which 
metabolites are present in a sample, but also the concentrations in which a specific 
metabolite occurs in the specific sample at a specific sampling date.  Metabolic 
profiling is thus conducted using Chenomx. 
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3.5 MEASURES TO ENSURE CONSISTENCY OF THE PROCESS AND 
RESULTS 
 
3.5.1 Girdling 
All trees of one species allocated for girdling were girdled on the same day. The same 
procedure for girdling was used on each tree. All girdles were between 1.2m and 
1.35m above the surface of the soil. The 10 girdled trees of each species intended for 
bridge-grafting were all covered with polyethylene plastic and secured at the edges 
with duct tape immediately after girdling. 
3.5.2 Bridge-grafting 
The same procedure for bridge-grafting was used on each of the grafted trees. Each 
of the girdled trees intended for grafting’s plastic sheeting was only removed 
immediately before bridge-grafting. All scions were cut from saplings and were 
freshly cut from the previous year’s growth and from growth from two years back. 
On each of the grafted trees both one-year and two-year old scions were used for 
bridge-grafting. All scions were inserted approximately 5cm above girdle wounds and 
5 cm below girdle wounds, and all scions were approximately 5cm apart.  
3.5.3 Bark sampling 
The same procedures for girdling was used on each tree. At every sampling date bark 
samples were collected during the first half of a day, one morning at one specific 
research site, and the next morning at the other research site as the sites are 
approximately 200 km apart. Each sample was placed in a 2 ml cryo-vial, marked and 
immediately placed into liquid nitrogen. Before the flights to Gauteng, all samples 
were transferred onto 2.5 kg dry ice. After arrival, samples were directly taken to 
UNISA’s laboratory at the Science Campus at Florida, and placed on the freeze dryer 
for 24 hours. Each dry sample was ground separately for the same time span of 5 
seconds after which 2 sets of 50mg sample material from each sample were weighed 
off.  
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3.5.4 Metabolite extraction 
Only deuterium water and deuterium methanol was used as extraction solvents in one 
set of samples and only deuterium chloroform was used as extraction solvent in the 
second sample set. Samples were prepared in the morning and analyzed the same day. 
No samples were left overnight. Vortexing, sonicating, and in the set which has water 
and methanol as extraction solvents, centrifuging, were executed in the same manner 
and for the same time span. All samples with chloroform as extracting solvent were 
not centrifuged because it was found that centrifuging did not separate the particles 
from the fluid. The larger particles floated on top and the smaller particles were 
suspended in the fluid, a small piece of cotton wool was placed inside the tube and 
pushed to the bottom, pushing the particles down with it so that the fluid could be 
extracted and poured into the NMR tubes.  
3.5.5 Statistical analysis. 
Statistical analysis (spectral analysis) was done using the computer programs 
specifically designed for NMR spectra, and Excel, which is essential for the 
conversion of the spectra produced by the NMR spectrometer, into numerical data. 
The numerical data were copied to an Excel database for the specific species and the 
specific sampling date. All databases loaded onto SIMCA were processed in the exact 
same manner.  
 
3.6 ETHICAL CONSIDERATIONS 
 
1. As the Groenkop and Witelsbos research sites are situated in the Garden Route 
along the Southern Cape Coastal area, and the forest areas are being managed 
by SANParks, permission to conduct research on these trees were obtained 
from SANParks. A project proposal on a specified SANParks format served as 
application and the proposal was sent to SANParks’ regional ecologist for 
approval. SANParks’ formal approval accompanies this dissertation 
(Annexure C), as well as the permit issued (Annexure D). 
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2. The study was conducted with strict adherence to the University of South 
Africa, College of Agricultural and Environmental Sciences Research and the 
Higher Degrees Ethics Committee Research Ethics document. Ethics clearance 
was granted by the CAES Research Ethics Review Committee on 18 August 
2015, Ref. 2015/CAES/070 (Annexure E). 
3. Six-monthly reports on procedures followed, progress and results achieved 
were sent to the CAES Ethics Review Committee, starting January 2016, and 
ending January 2017. 
 
3.7 SUMMARY 
Fieldwork during this study included girdling, wound covering, bridge-grafting, 
monitoring, data collection, sample collection and sample preservation, and was 
executed using the highest possible protocols to achieve consistency while ensuring 
the survival of the trees.  
Laboratory work included freeze drying, grinding, weighing, metabolite extraction 
and NMR sample analysis and was executed meticulously and with precision to 
prevent the degradation of metabolites in the sample material and to ensure high 
quality results. 
Metabolic fingerprinting and profiling is a reliable method to identify metabolites 
present in samples and to determine changes in metabolite responses over time. As it 
was the analytical method used for this study, it was also used in determining the 
concentrations of metabolites occurring in plant material. 
The nature of the study required extensive statistical analysis of data collected and 
single sample t-tests seemed to be the most appropriate method to use to determine 
the significance of the changes in sucrose concentrations between September 2015 
and September 2016.    
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4. CHAPTER 4. RESULTS AND DISCUSSION 
 
 
4.1 INTRODUCTION 
 
This chapter reports on the outcomes achieved between September 2015 and 
September 2016. The findings of the study covered areas such as callus initiation and 
development, tree canopy health, the extent of carbohydrate accumulation, sucrose 
concentrations over time, IAA concentrations over time, and the two species’ 
responses to girdling and bridge-grafting experiments. The study contributes to filling 
the gap observed of finding an applicable manner to save girdled medicinal trees by 
restoring the flow of carbohydrates from the canopy to the root system. The research 
questions raised in Chapter 1 were considered, and the results and discussion also 
include other factors observed considered to be important regarding the recovery and 
the health of the trees. 
 
4.2 RESULTS 
  
4.2.1 Callus initiation and development 
Callus formation in both O. bullata and C. dentata was first observed four months 
after girdling and bridge-grafting (January 2016). The percentages callus cover one 
year after girdling and bridge-grafting (September 2016) are displayed in table 4.1 
and the individual trees’ callus development for both  species one year after girdling 
and bridge grafting is displayed in tables 4.2 and 4.3 respectively.  
Table 4.1: Percentages callus cover for both species one year after girdling and 
bridge-grafting.  
 0-20% 21-40% 41-60% 61-80% 81-100% 
Ocotea bullata 18.18% 27.27% 36.36% 9.10% 9.10% 
Curtisia dentata 54.54% 18.18% 9.10% 9.10% 9.10% 
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Table 4.2: Callus development of individual O. bullata trees one year after girdling 
and bridge grafting.  
Ocotea bullata      Total 
 0-20% 21-40% 41-60% 61-80% 81-100%  
Tree number       
1   1    
2   1    
3   1    
4   1    
5     1  
6  1     
7  1     
8  1     
9    1   
10 1      
Girdled control 1      
Totals 2 3 4 1 1 11 
 
Table 4.3: Callus development of individual C. dentata trees one year after girdling 
and bridge grafting.  
Curtisia dentata      Total 
 0-20% 21-40% 41-60% 61-80% 81-100%  
Tree number       
1 1      
2 1      
3     1  
4    1   
5 1      
6  1     
7  1     
8 1      
9 1      
10   1    
Girdled control 1      
Totals 6 2 1 1 1 11 
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It was noted that the extent of callus development in both species differ from tree to 
tree. It was also noted that callus development in C. dentata was much slower than 
that of O. bullata which can be seen in the frequency chart (figure 4.1), where it 
clearly shows that callus development in C. dentata is slower than that of O. bullata, 
although the same number of trees (9 trees of each species) are between 0 and 60% 
covered. 
 
Figure 4.1: Frequencies of callus cover for both O. bullata and C. dentata.  
In both species there seemed to be a trunk circumference for optimum callus 
development and bark recovery (figures 4.2 and 4.3). Thinner, younger trees are 
slower to recover in both species. In thicker, older trees, recovery is also slower, and 
there may be trees in which recovery is as slow as thinner trees, but in general, 
recovery seemed to be slightly superior to that of the thinner trees. In O. bullata the 
highest callus cover/bark recovery within one year was achieved on the tree with a 
circumference of 87.7cm and in C. dentata the highest callus cover/bark recovery was 
on the tree with a circumference of 88.9cm. 
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Figure 4.2: The circumferences of the trunks of individual Ocotea bullata trees versus 
the percentage callus cover (Ob = Ocotea bullata).  
 
Figure 4.3: The circumferences of the trunks of individual Curtisia dentata trees 
versus the percentage callus cover (Cd = Curtisia dentata).  
4.2.2 Carbohydrate accumulation 
Tables 4.4 and 4.5 exhibit the circumferences of the tree trunks above girdle wounds 
of individual O. bullata and C. dentata trees as taken at each monitoring date to 
estimate carbohydrate accumulation, and circumferences below the girdle wounds are 
shown in tables 4.6 and 4.7. In November 2015, no measurements could be taken due 
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to torrential rains preventing the use of either pen or paper, or the use of electronic 
equipment such as a tablet. 
Table 4.4: Measurements of the circumferences above the girdle wounds of 
individual Ocotea bullata trees at each monitoring date.  
Ocotea bullata 
Circumferences above 
(cm)       
Tree number 31 Aug15 11 Jan 16 29 Feb 16 01 May 16 11 Jul 16 05 Sep 16 
Normal control 55 56,8 57,5 58 57,5 57,4 
Girdled Control  59,7 57,8 59,8 60,2 61,3 60,4 
1  106,5 108,4 108 108,1 107,4 108,1 
2  104,9 104 105,5 106,5 104,9 103,9 
3  109,3 112 113 112,3 112,9 113 
4  73,8 73,7 74,7 74,9 73,7 74,4 
5  86,74 89,7 87,9 88,7 88,7 88,8 
6  72,2 72,3 74,3 73,3 73,8 74,7 
7  65,3 65,8 67,5 67 67,4 67 
8  106,5 104 104,7 105,7 106,7 106,3 
9  99 103,5 105,6 105,5 106,8 107,9 
10 73,8 79,4 79 79,9 80,8 80,8 
 
Table 4.5: Measurements of circumferences above the girdle wounds of individual 
Curtisia dentata trees at each monitoring date.  
Curtisia dentata 
Circumferences above 
(cm)       
Tree number 11 Sep15 12 Jan 16 1 Mar 16 02 May 16 12 Jul 16 06 Sep 16 
Cd N 74,8 74,9 75 74,9 74,5 75,3 
Cd C a 86,9 86,5 87,7 88,3 85,2 85,3 
Cd 1 a 89,2 90,3 90,6 90,4 89,9 90,8 
Cd 2 a 70,4 73,7 72,5 72,6 73,2 73,5 
Cd 3 a 88,9 90,5 90,8 91,6 91,5 91,8 
Cd 4 a 99,3 97,2 98,9 98,3 97,7 97,6 
Cd 5 a 70,1 74,2 74,4 74,3 73,5 73,9 
Cd 6 a 87 87,5 88 92,5 89,4 88,5 
Cd 7 a 113,1 114 114,7 115 115 115,2 
Cd 8 a 55,3 54,9 55,2 55,8 55,6 55,1 
Cd 9 a 69,7 70,3 70,8 71,3 71,5 71,7 
Cd 10 a 109,6 112 111,2 110,9 110,5 111,9 
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Measurements were also taken below the girdle wounds and these measurements are 
displayed in figure 4.7 and 4.7 respectively. 
Table 4 6: Measurements of circumferences below the girdle wounds of individual 
Ocotea bullata trees at each monitoring date. 
Ocotea bullata 
Circumferences below 
(cm)       
Tree number 31 Aug 15 01 Nov 15 29 Feb 16 01 May 16 11 Jul 16 05 Sep 16 
Normal control 55 56,8 57,5 58 57,5 57,4 
Girdled control  59,7 57,8 60 60 60,1 61 
1  106,5 108,2 109 109,8 109,8 109,5 
2  104,9 103 103 102,6 103,6 103 
3  109,3 113,8 114,4 114,4 113 115 
4  73,8 75,3 75 74,7 76 74,5 
5 86,74 92,5 92,4 93,4 95,6 94,4 
6  72,2 75,8 75,4 75,6 76,4 77 
7  65,3 66,2 68,7 68,5 66 68 
8  106,5 106,8 105,4 108,2 105,7 106 
9  99 99,5 99,9 99,2 99,5 98,8 
10  73,8 74,7 73,8 75,7 74 74,3 
 
Table 4.7: Measurements of circumferences below the girdle wounds of the 
individual Curtisia dentata trees at each monitoring date.  
Curtisia dentata 
Circumferences below 
(cm)       
Tree number 11 Sep 15 12 Jan 16 1 Mar16 02 May 16 12 Jul 16 06 Sep 16 
Normal control 74,8 74,9 75 74,9 74,5 75,3 
Girdled control  86,9 88 87,7 87,3 87,5 87,1 
1 89,2 93,4 93,2 92,5 92,6 93 
2  70,4 70,8 70,4 72,1 74 72,2 
3 88,9 90,7 90,4 92,1 90,8 91,1 
 4  99,3 106,2 106 106,7 106,4 106,5 
5  70,1 72 72 71,8 72 72,2 
6  87 90,6 90,4 90,4 90,1 91,4 
7  113,1 113,1 112 112,1 112,5 112,7 
8  55,3 60 62 60,6 60,2 66,1 
9  69,7 74 73,8 75,1 75,3 75,5 
10  109,6 112 111,6 110,7 111,1 111,5 
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The circumferences of individual O. bullata and C. dentata trees before girdling 
September 2015, and above and below the girdle wounds September 2016 are 
compared in tables 4.8 and 4.9. Increases in girth above the wounds of the grafted and 
girdled control trees in comparison to the normal control tree are smaller than 
expected. Increases in girth below girdle wounds, and decreases in girth, both above 
and below girdle wounds are also evident in the tables.   
Table 4.8: Comparison of circumferences of individual O. bullata trees in September 
2015, and above and below the girdle wounds in September 2016 with the differences 
in circumferences included. 
Ocotea 
bullata  
Tree number 
Circumference 
before girdling 
Sept 2015 (cm) 
Circumference 
below wounds 
Sept 2016 (cm) 
Difference 
(+)(-) 
(cm) 
Circumference 
above wounds Sept 
2016 (cm) 
Difference 
(+)(-) 
(cm) 
Normal control 55 57,4 +2,4 57,4 +2,4 
Girdled control 59,7 61 +1,3 60,4 +0,7 
1 106,54 109,5 +3,04 108,1 +1,56 
2 104,9 103 -1,9 103,9 -1 
3 109,3 115 +5,7 113 +3,7 
4 73,8 74,5 +0,7 74,4 +0,6 
5 86,7 94,4 +7,7 88,8 +2,1 
6 72,2 77 +4,8 74,7 +2,5 
7 65,3 68 +2,7 67 +1,7 
8 106,5 106 -0,5 106,3 -0,2 
9 99 98,8 -0,2 107,9 +8,9 
10 73,8 74,3 +0,5 80,8 +7 
 
 
 
 
 
90 
 
Table 4.9: Comparison of circumferences of individual C. dentata trees in September 
2015, and above and below the girdle wounds in September 2016 with the differences 
in circumferences included. 
Curtisia 
dentata  
Tree number 
Circumference 
before girdling 
Sept 2015 
Circumference 
below wounds 
Sept 2016 
Differences 
(+)(-) 
(cm) 
Circumference 
above wounds 
Sept 2016 
Differences 
(+)(-) 
(cm) 
Normal control 74,8 75,3 +0,5 75,3 +0,5 
Girdled control 86,9 87,1 +0,2 85,3 -1,6 
1 89,2 93 +4,1 90,8 +1,6 
2 70,4 72,2 +1.8 73,5 +3,1 
3 88,9 91,1 +2,2 91,8 +2,9 
4 99,3 106,5 +7,2 97,6 -1,7 
5                    70,1 72,2               +2.1 73,9 +3,8 
6 87 91,4 +4,4 88,5 +1,5 
7 113,1 112,7 -0,4 115,2 +2,1 
8 55,3 66,1             +10,8 55,1 -0,2 
9 69,7 75,5 +5.8 71,7 +2 
10 109,6 111,5 +1,9 111,9 +2.3 
 
Graphical displays of the differences of O. bullata and C. dentata circumferences in 
September 2015 and above and below girdle wounds in September 2016 are shown in 
figures 4.4 and 4.5 respectively, and points out the small differences of the 
circumferences between the measurements before girdling in September 2015, and 
above and below the girdle wounds in September 2016.  
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Figure 4.4: Graphical display of the differences between circumferences in 
September 2015 and above and below girdle wounds in September 2016 of individual 
Ocotea bullata trees (Ob = Ocotea bullata; N = normal control tree; C = girdled 
control tree; a = above the girdle wound; b = below the girdle wound; 1-10 = grafted 
tree numbers). 
 
Figure 4.5: Graphical display of the differences between circumferences in 
September 2015 and above and below girdle wounds in September 2016 of individual 
Curtisia dentata trees (Cd = Curtisia dentata; N = normal control tree; C = girdled 
control tree; a = above the girdle wound; b = below the girdle wound; 1-10 = grafted 
tree numbers)
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4.2.3 Spectral analysis (Metabolic fingerprinting) 
The overall goal of metabolomics is to identify a few chemical features against a large 
and complex background of metabolites, and these metabolites should be directly 
related to the defining characters of the system (Worley and Powers, 2013:92). The 
goal of metabolomic fingerprinting is to determine the relative differences be tween 
the metabolomes of two or more systems to conclude a biological relationship. 
Metabolomic fingerprinting makes use of multivariate analysis methods to identify 
those biological relevant spectral features for further analysis  (Worley and Powers, 
2013:92, 93). The most popular method for analysis is the Principle Component 
Analysis (PCA). The primary objective of PCA is to arrive at a linear transformation 
that preserves as much of the variance in the original data as possible, and the goal of 
PCA analysis is to identify class differences from a multivariate dataset.  PCA should 
be the method of choice to obtain an overview, find clusters, and to identify outliers 
(Trygg, Holmes and Lunstedt, 2007: 472) 
Orthogonal Projections to Latent Structures or Orthogonal Partial Least Squares 
(OPLS) addresses interpretability problems by incorporating the Orthogonal Signal 
Correction (OSC) filter (Worley and Powers, 2013:95) into a PLS model, effectively 
separating Y-prediction variation from y-uncorrelated variation in X (Trygg,  et al., 
2007: 473) 
Validation is a critical step in ensuring model reliability (Worley and Powers, 
2013:99). The R2X values of a given model may be used to assess its degree of fit to 
the data. PCA decompositions will yield only R2X, the degree to which the principal 
components describe the observation data, and OPLS decompositions will return both 
R2X and R2Y values (Trygg, et al., 2007: 474; Worley and Powers, 2013:99).  
 
Changes in metabolite responses occurred at every sampling date (bi-monthly). Four 
months after girdling and bridge-grafting (January 2016), differences in the 
metabolite responses above and below the girdle wounds were apparent in both 
species in the January analysis as the responses of metabolites above girdle wounds 
separated vertically from the responses in metabolites below the girdle wounds. The 
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January 2016 harvest also separated horizontally from November and September 2015 
harvests, as shown in the OPLS models below (figures 4.6 and 4.7). 
Figure 4.6: OPLS score scatter plot of O. bullata with deuterium oxide and 
deuterium methanol as solvents four months after girdling and bridge-grafting. 
 
Figure 4.7: OPLS score scatter plot of C. dentata with deuterium oxide and deuterium 
methanol as solvents four months after girdling and bridge-grafting. 
With the solvents deuterium oxide (DO4) and deuterium methanol, all metabolites 
except lipids and fatty acids are extracted from a sample. Deuterium chloroform, on 
Ocotea bullata score scatter plot four months after 
girdling and bridge grafting 
Curtisia dentata score scatter plot four months after 
girdling and bridge grafting 
 January 2016 – above girdle wounds 
January 2016 – below girdle wounds 
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November 
2015 
January 2016 – above girdle 
wounds 
January 2016 – below girdle 
wounds 
September and 
November 
2015 
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the other hand is used as solvent to extract lipids and fatty acids. The solvents for 
each analysis are specified in the score plots below. 
The PCA score plot of O. bullata (validation: R2X = 0.867) of all samples collected 
during the research period showed the separation and grouping of individual samples 
of a multivariate dataset into classes (see figure 4.8). There was no separation between 
samples collected above the wounds and those collected below the wounds, or 
between the normal control tree, the girdled control tree and the grafted trees.  
 
Figure 4.8: PCA score plot of all Ocotea bullata samples collected between 
September 2015 and September 2016 with deuterium oxide and deuterium methanol 
as solvents. 
The OPLS model of O. bullata (validation: R2X = 0.556, R2Y = 0.115) of all samples 
collected during the research period (figure 4.9) showed that responses could have 
been affected by seasons with January and July 2016 (mid-summer and mid-winter) 
separating from the main cluster, i.e. the samples collected in September 2015 and 
November 2015 (spring), and those collected in March, May (autumn) and September 
2016 (spring). There were no differences in the samples collected above the wounds 
and below the girdle wounds, nor are there any differences between the normal control 
tree, the grafted control tree and the grafted trees. 
Ocotea bullata PCA score plot - DO4 and deuterium methanol 
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Figure 4.9: OPLS Score scatter plot of all Ocotea bullata samples collected between 
September 2015 and September 2016 with deuterium oxide and deuterium methanol 
as solvents.  
There seemed to be separation of each sample in the PCA model using deuterium 
chloroform as solvent (lipids and fatty acids) (figure 4.10). Only a few of the samples 
collected during November 2015, March 2016 and September 2016 were grouped 
together. Spectral analysis, and the identification and quantification of lipids and fatty 
acids in O. bullata were, however, not included in the scope of this study but the score 
plots were included in the results to exhibit metabolite responses.  
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Figure 4.10: PCA score scatter plot of all Ocotea bullata samples collected between 
September 2015 and September 2016 with deuterium chloroform as solvent.  
In the OPLS model of lipids and fatty acids it seemed that seasonality did not play a 
prominent role in the separation of samples for each sampling date, as only January 
2016 and a few September 2015 and March 2016 outliers separated from the main 
cluster. Separation could also have been due to external factors such as climate at that 
specific time of the year, or due to the possible effects of other metabolites on lipids 
and fatty acids. The main cluster seemed to be separated into two groups with 
November 2015, March and May 2016 in the one group and July and September 2016 
in the other group. Separation was not prominent though. Future research is required 
to determine the specific metabolites present in O. bullata and to determine these 
metabolites’ effects on carbon metabolism after girdling and bridge-grafting. 
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Figure 4.11: OPLS score plot of all Ocotea bullata samples collected between 
September 2015 and September 2016 with deuterium chloroform as solvent.  
The PCA score plot of Curtisia dentata (validation: R2X = 0.801) of all samples 
collected during the research period separated and grouped all samples into five 
classes (figure 4.12). There was no separation between samples collected above the 
wounds and those collected below the wounds, or between the normal control tree, 
the girdled control tree and the grafted trees. 
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Figure 4.12: PCA score plot of all Curtisia dentata samples collected between 
September 2015 and September 2016 with deuterium oxide and deuterium methanol 
as solvents. 
The OPLS score plot (validation: R2X = 0.485 and R2Y = 0.25) of C. dentata showed 
strong seasonal metabolite responses (figure 4.13), separating the summer and autumn 
months, January, March and May 2016, from the main cluster. There was no 
separation between samples collected above the wounds and those collected below 
the wounds, or between the normal control tree, the girdled control tree and the grafted 
trees. 
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Figure 4.13: OPLS score plot of all Curtisia dentata samples collected between 
September 2015 and September 2016 with deuterium oxide and deuterium methanol 
as solvents. 
The PCA score plot of lipids and fatty acids of all C. dentata samples collected during 
the research period showed that only January 2016 and a few outliers in September 
2015 (before bridge-grafting) and March 2016 separated from the rest of the main 
cluster (figure 4.14). There was also no separation of samples collected on the normal 
control, girdled control and the grafted trees, nor was there separation between the 
samples collected above and below girdle wounds. Spectral analysis, and the 
identification and quantification of lipids and fatty acids in C. dentata were not 
included in the scope of this study but the score plots were included in the results to 
exhibit metabolite responses. 
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Figure 4.14: PCA score plot of Curtisia dentata samples collected between 
September 2015 and September 2016 with deuterium chloroform as solvent. 
The Curtisia dentata OPLS score plot of the lipids and fatty acids of all samples 
collected during the research period showed that only January 2016 and a few outliers 
were separated from the main cluster (figure 4.15). The main cluster seemed to be 
separated into two groups with March and May 2016 in the one group and July and 
Sept 2016 in the other group, but they were close together and differences in 
metabolite responses appeared to be minimal. Future research is required to determine 
the specific metabolites present in C. dentata and to determine these metabolites’ 
effects on carbon metabolism after girdling and bridge-grafting. 
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Figure 4.15: OPLS score scatter plot of Curtisia dentata between September 2015 
and September 2016 with deuterium chloroform as solvent.  
4.2.4 Quantification of sucrose (metabolic profiling) 
Sucrose is the main soluble sugar translocated in plants and often represents 95% of 
the dry weight of translocated matter (de Mello, de Campos Amara and Melo, 2001:1). 
Magel, Einig and Hampp (2000:317) describe starch as the pivotal non-soluble 
storage carbohydrate.  
Fluctuations in sucrose concentrations occurred above and below the girdle wounds 
in each of the individual trees of the same species, and in both O. bullata and C. 
dentata trees at each sampling date (figures 4.16 and 4.17).  
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Figure 4.16: Fluctuations in sucrose concentrations above and below the girdle 
wounds of individual Ocotea bullata trees over a one year period. (Ob = Ocotea 
bullata; N = normal control tree; C = girdled control tree; a = above the girdle wound; 
b = below the girdle wound; 1-10 = grafted tree numbers) 
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Figure 4.17: Fluctuations in sucrose concentrations above and below girdle wounds 
of individual Curtisia dentata trees over a one year period. (Cd = Curtisia dentata; 
N = Normal control tree; C = girdled control tree; a = above the girdle wound; b = 
below the girdle wound; 1-10 = grafted tree numbers). 
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Sucrose concentrations above and below the girdle wounds of the grafted trees were 
determined to generate the graphs in figures 4.18 and 4.19.  1 
 
Figure 4.18: Fluctuations in O. bullata sucrose concentrations at each sampling date.  
 
Figure 4.19: Fluctuations in sucrose concentrations in C. dentata at each sampling 
date
                                                 
1 In figures 4.18 and 4.19 the abbreviated months are: Sep = September 2015, Nov = November,  
Jan = January, Mar = March and Sept b = September 2016 
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Descriptions of the increases and decreases in sucrose concentrations at each sampling 
date follow: 
 In O. bullata sucrose concentrations decreased in November 2015 and 
increased again in January 2016, however, the sucrose concentration of the 
girdled control tree decreased to an undetectable level in January 2016. 
Curtisia dentata showed the same sucrose responses in November 2015 and 
January 2016 with the exception that the girdled control tree sucrose 
concentration increased in January 2016. Lower sucrose concentrations in 
November confirms a statement by Richardson, Carbone, Keenan, Czimczik, 
Hollinger, Murakami, Schaberg and Xu (2013:855), that carbon utilization by 
sinks during springtime increase. It could, however, also be due to hydrolysis 
of sucrose into glucose and fructose, or continued enzymic action (Cranswick 
and Zabkievicz, 1979:237; Drossopoulos and Niavis, 1988:325). Flowering in 
O. bullata occurs during spring and summer with peaks in December and 
January (Van Wyk and Gericke, 2007:200; van Wyk et al., 2013:208) and could 
also be a factor to consider. Losses may also occur due to translocation through 
natural root grafts and mycorrhizae to other plants, and to parasites such as 
mistletoe and other sap feeders (Kozlowski, 1992:110). 
 In March 2016, the O. bullata normal control tree experienced an extreme 
increase in sucrose concentration while a decrease occurred above and below 
the girdle wound in the girdled control tree, as well as above and below the 
girdle wounds of the grafted trees. In C. dentata increases in sucrose 
concentrations occurred in all trees. 
 Sucrose concentrations in both species decreased in May 2016. 
 In July 2016, the O. bullata sucrose concentrations increased. Only slight 
increases in sucrose concentrations occurred in C. dentata. In both species, 
however, the sucrose concentrations below the girdle wounds of the grafted 
trees were higher than the sucrose concentrations above the girdle wounds. 
 Ocotea bullata sucrose concentrations in September 2015 in all trees were 
higher than the sucrose concentrations in September 2016. In C. dentata 
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sucrose concentrations the normal control tree was slightly higher in 
September 2016 than in September 2015. Both above and below the girdle 
wounds of the girdled control tree and above the girdle wound in the grafted 
trees, sucrose concentrations in September 2016 were lower than in September 
2015.  
For statistical analysis, SASJMP version 13.0 was used to conduct one-sample t-tests 
on the sample sets to determine trends from harvest to harvest. With the one-sample 
t-test the assumption is that the distribution is normal and that minor departures from 
normality do not affect this test. An advantage of the t-test is that it can be used with 
small sample sizes where the population standard deviation (σ) is unknown, and a 
disadvantage is that the population must have a normal distribution. T-tests are robust 
against non-normality in the population except in cases of outliers or significant 
skewness. 
Two sampling dates’ differences were tested against three constant values.  In the first 
test the difference between the means of the sucrose concentrations either above or 
below the girdle wounds of the grafted trees over two sampling dates were tested 
against the difference between the sucrose concentrations of the normal tree over the 
same two sampling dates (constant value 1). In the second test the difference between 
the means of the sucrose concentrations either above or below the girdle wounds of 
the grafted trees over two sampling dates were tested against the difference between 
the applicable sucrose concentration either above or below the girdle wound of the 
girdled control tree over the same two sampling dates (constant value 2), and in the 
third test the difference between the means of the applicable sucrose concentrations 
either above or below the girdle wounds of the grafted trees over two sampling dates 
were tested against a constant value of 0 (constant value 3). Table 4.10 exhibits the 
statistical analysis results of the sucrose concentrations above the girdle wounds of 
O. bullata. 
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Table 4.10: The statistical analysis results of the sucrose concentrations above the 
girdle wounds of O. bullata.  
Ocotea bullata 
  t-test score P value significant/not significant to p˂ .05 
Above the wounds, November 2015/September 2015 
1 1,1105 .2956 not significant 
2 -0,707 .4971 not significant 
3 -4,276 .0010 significant 
Above the wounds, January 2016/ November 2015 
1 -4,368 .0018 significant 
2 -1,578 .1489 not significant 
3 0,375 .7158 not significant 
Above the wounds, March 2016/January 2016 
1 -15,431 .0001 significant 
2 2,2397 .0519 not significant 
3 -0,1087 .9158 not significant 
Above the wounds, May 2016/March 2016 
1 23,949 .0001 significant 
2 -2,740 .0228 significant 
3 2,8002 .0207 significant 
Above the wounds, July 2016/May 2016 
1 -5,776 .0003 significant 
2 -1,9619 .0814 not significant 
3 2,5183 .0329 significant 
Above the wounds, September 2016/July 2016 
1 5,357 .0005 significant 
2 1,0917 .3033 not significant 
3 -2,0038 .0761 not significant 
Above the wounds, September 2016/September 2015 
1 -0,0849 .0934 not significant 
2 -4,186 .0024 significant 
3 -8,8166 .0001 significant 
 
Table 4.11 exhibits the statistical analysis results of the sucrose concentrations below 
the girdle wounds of O. bullata.  
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Table 4.11: The statistical analysis results of the sucrose concentrations below the 
girdle wounds of O. bullata.  
Ocotea bullata 
  t test score P value significant/not significant to p˂ .05 
Below the wounds, November/September 2015 
1 -0,3157 .7594 not significant 
2 -3,3704 .0083 significant 
3 -9,1769 .0001 significant 
Below the wounds, January 2016/ November 2015 
1 6,4175 .0001 significant 
2 -12,518 .0001 significant 
3 4,9851 .0008 significant 
Below the wounds, March 2016/January 2016 
1 -31,252 .0001 significant 
2 -2,2981 .0471 significant 
3 -1,0269 .3313 not significant 
Below the wounds, May 2016/March 2016 
1 -3,6689 .0052 significant 
2 51,948 .0001 significant 
3 -3,4177 .0077 significant 
Below the wounds, July 2016/May 2016 
1 -0,2052 .8420 not significant 
2 -8,3439 .0001 significant 
3 2,0587 .0696 not significant 
Below the wounds, September 2016/July 2016 
1 0,6035 .5611 not significant 
2 0,7563 .0001 significant 
3 -0,4548 .6660 not significant 
Below the wounds, September 2016/September 2015 
1 0,5030 .6271 not significant 
2 -4,3523 .0018 significant 
3 -10,978 .0001 significant 
 
Table 4.12 exhibits the statistical analysis results of the sucrose concentrations above 
the girdle wounds of Curtisia dentata.  
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Table 4.12: The statistical analysis results of the sucrose concentrations above the 
girdle wounds of C. dentata.  
Curtisia dentata 
  t test score P value  Significant/not significant to p˂ .05 
Above the wounds, November/September 2015 
1 -0,1486 .8852 not significant 
2 2,3964 .0401 significant 
3 -0,6291 .5449 significant 
Above the wounds, January 2016/ November 2015 
1 -1,2523 .2420 not significant 
2 -0,2873 .7804 not significant 
3 0,6829 .5119 not significant 
Above the wounds, March 2016/January 2016 
1 2,4669 .0357 significant 
2 -0,7206 .4895 not significant 
3 2,4934 .0342 significant 
Above the wounds, May 2016/March 2016 
1 -0,6554 .5286 not significant 
2 1,5913 .1460 not significant 
3 -1,3272 .2171 not significant 
Above the wounds, July 2016/May 2016 
1 -3,3433 .0086 significant 
2 -3,4240 .0076 significant 
3 -3,3543 .0085 significant 
Above the wounds, September 2016/July 2016 
1 -1,2710 .2356 not significant 
2 -0.1502 .8840 not significant 
3 0,0105 .9919 not significant 
Above the wounds, September 2016/September 2015 
1 -2,2390 .0519 not significant  
2 2,4120 .0291 significant 
3 -1,8567 .0963 not significant 
 
Table 4.13 exhibits the statistical analysis results of the sucrose concentrations below 
the girdle wounds of C. dentata.  
110 
 
Table 4.13: The statistical analysis results of the sucrose concentrations below the 
girdle wounds of C. dentata.  
Curtisia dentata 
  t test score P value  Significant/not significant to p˂ .05 
Below the wounds, November/September 2015 
1 -2,4534 .0365 significant 
2 2,3255 .0451 significant 
3 -3,3141 .0090 significant 
Below the wounds, January 2016/ November 2015 
1 0,8124 .4375 not significant 
2 -2622 .0277 significant 
3 5,885 .0002 significant 
Below the wounds, March 2016/January 2016 
1 2,7701 .0217 significant 
2 0,1466 .8867 not significant 
3 2,8154 .0202 significant 
Below the wounds, May 2016/March 2016 
1 0,5149 .6190 not significant 
2 -0,2711 .7924 not significant 
3 -1,4486 .1814 not significant 
Below the wounds, July 2016/May 2016 
1 -0,2306 .8227 not significant 
2 -1,9201 .0870 not significant 
3 -1,9074 .0888 not significant 
Below the wounds, September 2016/July 2016 
1 -2,0405 .0717 not significant 
2 -3,1438 .0119 significant 
3 -1,785 .1079 not significant 
Below the wounds, September 2016/September 2015 
1 2,1195 .0631 not significant 
2 -3,0902 .0129 significant 
3 -2,64726 .0255 significant 
 
The following table (table 4.14) shows the significance/non-significance of the 
differences in sucrose concentrations above and below the girdle wounds of the O. 
bullata girdled control tree at each sampling date 
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Table 4.14: The significance of the differences between the sucrose concentrations 
above and below the girdle wound of the Ocotea bullata girdled control tree at each 
sampling date. 
Ocotea bullata girdled control tree 
 t-test score p value Significant/not significant to p˂ .05 
Nov-15 1,8224 .0981 not significant 
Jan-16 -3,2382 .0089 significant 
Mar-16 0,0808 .3051 not significant 
May-16 1,7935 .1031 not significant 
Jul-16 -1,4577 .1756 not significant 
Sep-16 -1,5147 .1608 not significant 
 
Table 4.15 shows the significance of the differences of the means of the sucrose 
concentrations above and below the girdle wounds of the Ocotea bullata grafted trees 
at each sampling date. 
Table 4.15: The significance of the differences between the means of the sucrose 
concentrations above and below the girdle wounds of the Ocotea bullata grafted trees 
at each sampling date. 
Ocotea bullata grafted trees  
 t-test score p value Significant/not significant to p˂ .05 
Nov-16 1,776 .1079 not significant 
Jan-16 1,4595 .1751 not significant 
Mar-16 1,1335 .2835 not significant 
May-16 1,1531 .2757 not significant 
Jul-16 1,3832 .1967 not significant 
Sep-16 -7353 .4790 not significant 
 
Table 4.16 shows the significance of the differences in sucrose concentrations above 
and below the girdle wounds of the Curtisia dentata girdled control tree at each 
sampling date. 
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Table 4.16: The significance of the differences between the sucrose concentrations 
above and below the girdle wounds of the Curtisia dentata girdled control tree at each 
sampling date. 
Curtisia dentata girdled control tree 
 t-test score p value Significant/not significant to p˂ .05 
Nov-16 1,4775 .1736 not significant 
Jan-16 1,9151 .0877 not significant 
Mar-16 -0,3404 .7413 not significant 
May-16 2,0717 .0682 not significant 
Jul-16 -1,0869 .1756 not significant 
Sep-16 0,9018 .3907 not significant 
 
Table 4.17 shows the significance of the differences of the means of the sucrose 
concentrations above and below the girdle wounds of the Ocotea bullata grafted trees 
at each sampling date. 
Table 4.17: The significance of the differences between the means of the sucrose 
concentrations above and below the girdle wounds of the Ocotea bullata grafted trees 
at each sampling date. 
Curtisia dentata grafted trees 
 t-test score p value Significant/not significant to p˂ .05 
Nov-16 1,6435 .1347 not significant 
Jan-16 1,7828 .1083 not significant 
Mar-16 0,841 .4221 not significant 
May-16 0,9483 .3678 not significant 
Jul-16 -0,842 .4312 not significant 
Sep-16 1,1292 .2880 not significant 
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4.3 DISCUSSION 
 
4.3.1 Callus initiation and development 
After removing the polyethylene plastic sheeting which covered the girdle wounds 
two weeks after girdling, discolouration of the girdle wounds was visible to the naked 
eye. This is a response also observed by Stobbe, Scmitt, Eckstein and Dujesiefken 
(2002:775). The trees were grafted directly after the plastic was removed, and two 
months after girdling and bridge-grafting callus development was still not visible. 
Callus formation in both O. bullata and C. dentata was first observed four months 
after girdling and bridge-grafting (January 2016), where: 
 In O. bullata all 10 grafted trees initiated calluses. Calluses are groups of 
undifferentiated cell masses. In time these undifferentiated cells would 
differentiate into xylem and phloem cells and into cork cells (bark) which 
would close the wound. The girdled control tree did not callus. A few trees had 
more than one callus on the wounded area. Five O. bullata grafted trees had 
basal shoot initials at the monitoring date. 
 In C. dentata all 10 grafted trees initiated calluses, however the girdled control 
also had calluses (figure 4.20), one close to the unclosed wound of the previous 
experiments conducted by Vermeulen (2009:1-210), and one on the other side 
of the trunk where no previous experiments had been conducted. The calluses 
already connected the top and the bottom of the girdle wound. Of the grafted 
trees, a few trees had more than one callus. Three C. dentata grafted trees had 
basal shoot initials at the monitoring date. 
The time after girdling and bridge-grafting calluses were first observed was consistent 
with the time after girdling and bridge-grafting calluses were first observed in 
Vachellia karroo (van Wyk, 2014:11, unpublished).  
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Figure 4.20: Callus initiation in the C. dentata girdled control tree in January 2016 
(Photo by A.S. van Wyk, 12 January 2016). 
By May 2016 (8 months after girdling and bridge-grafting): 
 In all but one tree of the O. bullata trees’ calluses connected the top and 
bottom margins of the girdle wound and more calluses had developed during 
the time. Eight grafted trees had basal shoots and the shoots initiated at the 
previous monitoring dates (January, March and May 2016) developed into 
strong growing lateral shoots, thereby providing carbohydrates to the roots. 
Graham and Bormann (1966:170) confirmed that basal shoot development 
contributed towards the survival of a girdled tree. All grafted trees had clusters 
of growth nodules on the calluses (figure 4.21). 
 Five of the C. dentata trees had calluses connecting the top and bottom 
margins of the girdle wound. Seven grafted trees had basal shoot and the 
previous basal shoot initials developed very slowly into healthy lateral shoots. 
All grafted trees had growth nodules on the calluses but to a lesser extent that 
that of O. bullata.  
Callus on C. 
dentata girdled 
control tree 
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Figure 4.21: Nodule growth on the calluses of O. bullata (Photo by A.S. van Wyk, 2 
May 2016). 
It was interesting to note that callus initiation in  O. bullata was mainly from the top 
of the wound margins developing towards the bottom of the wound, however, some 
calluses were also initiated at the bottom of the wound and developed upwards (figure 
4.22). This is described by Vermeulen (2009:55) as phellogen edge growth. 
 
Figure 4.22: Location of callus initiation and development in Ocotea bullata (Photo 
by: A.S. van Wyk, 7 March 2016). 
In C. dentata on the other hand, callus initiation was mainly in the middle of the 
wound, developing towards the upper and lower margins of the girdle wound (figure 
4.23). This type of development is described by Vermeulen (2009:55) as phellogen 
sheet growth. A few calluses also developed from the upper girdle margins downward, 
and from the bottom margins upwards. 
Growth nodules on the 
calluses of Ocotea 
bullata 
Callus initiation at 
the upper and lower 
girdle margins of 
Ocotea bullata 
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Figure 4.23: Location of callus initiation and development in C. dentata (Photo by 
A.S. van Wyk, 8 March 2016).   
Callus development in both species were far better with this study than what could be 
observed from the same trees strip barked for sustainable harvesting studies conducted 
by Vermeulen (2009:49-75). Although many of the wound strips of O. bullata trees 
had completely recovered over the 15 years (Annexure F) (figure 4.24), there were 
strips that were still not covered (figure 4.25). In C. dentata very few of the wound 
strips had recovered after 15 years and damage to the edges, such as bark lift, were 
evident (figure 4.26).  
 
Figure 4.24: Bark recovery of the previous experiments conducted on Ocotea bullata 
Photo by A.S. van Wyk (1 March 2016).  
Callus initiation in 
the centre of the 
girdle wound in 
Curtisia dentata 
Closed wound of 
previous 
experiments after 15 
years 
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Figure 4.25: Callus cover in O. bullata one year after girdling and bridge-grafting 
versus callus cover 15 years after previous experiments were conducted (Photo by: 
A.S. van Wyk, 11 July 2016) 
  
Figure 4.26: Callus cover in C. dentata one year after girdling and bridge-grafting 
versus callus cover 15 years after previous experiments were conducted (Photo by: 
A.S. van Wyk, 12 July 2016). 
In both species there appeared to be an optimal circumference for bark recovery. In 
O. bullata the highest callus cover within one year (95%) was achieved on the tree 
with an 87.7cm circumference and in C. dentata the highest callus cover (85%) was 
on the tree with an 88.9cm circumference. This possible relationship was, however, 
not the focus of this study, and future research could be conducted to determine the  
Bark lift at edge 
and no bark 
regeneration after 
15 years 
Bark regeneration 
(sheet phellogen) 
one year after scions 
were inserted 
Open wound of previous 
experiment after 15 
years 
Bark regeneration 
(edge phellogen) one 
year after scions were 
inserted 
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ideal age, or circumference, of a tree for optimal recovery after harvesting. Thicker, 
older trees recover better than thin, younger trees, and therefore thinner trees should 
ideally not be harvested from as their potential to recover is very low.  
4.3.2 Tree canopy health 
Tree canopies were monitored as discolouration of the foliage and abscission of both 
the foliage and small twigs, and may be the first visual signs of a dying tree. All tree 
canopies of the trees used for this study, however, remained healthy throughout the 
study period, including those of the girdled control trees. This may be due to natural 
root grafts, as discussed by Graham and Bormann (1966:270), where stored nutrients 
transferred from the host tree to the girdled tree contributed towards the girdled tree’s 
survival. 
Abscission of leaves did occur eight months after girdling and bridge-grafting (figure 
4.27) on both O. bullata and C, dentata, however, this seemed to be the result of 
strong winds prevalent in the area prior to monitoring (Moos, 3 May 2016, Pers. 
Comm.). This, however, also occurred on trees not used in the study. The canopies 
were monitored attentively after May 2016, and no further abscission occurred for the 
remainder of the study period.  
 
Figure 4.27: Leaf abscission during May 2016 (Photo by: A.S van Wyk, 3 May 2016).
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4.3.3 Scion health 
Sufficient numbers of one-year old growth on saplings to be used for scions were not 
available at the time of the experiment. The plant shoots to be used as scions of one-year 
old growth were also very thin. Therefore, several plant shoots of two-year old growth 
had to be used as scions. Each tree therefore had one-year old and two-year old growth 
as scions. 
The formation of a graft union in a tree depends on the establishment of continuity 
between the cambia (Barnett, n.d.: 1999). 
 During the March 2016 harvest, it was observed that a few of the thin one-year old 
scions had died, but all the scions of two-year old growth were alive and healthy.  
 By May 2016 all the live scions developed calluses at the unions above and below 
the wounds, meaning that the grafted scions had joined (figure 4.28). 
 This is an indication that the scion material should not be too thin. 
 
Figure 4.28: Calluses at scion unions (Photo by A.S. van Wyk, 2 May 2016). 
4.3.4 Carbohydrate accumulation 
Forest trees accumulate and store non-structural carbohydrates (NSC) as resource to be 
used to support future growth and metabolism. The NSC pool consists of soluble sugars, 
mainly sucrose, and starch (Richardson, et al., 2013:853). A well-known fact is that 
sucrose is converted to starch as demand for sucrose decreases, and from starch to sucrose 
as demand for sucrose increases. Geigenberger (2009:1-141) explains the regulation of 
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sucrose to starch conversion in detail. Although starch may occur in the bark, it is mainly 
stored in the sapwood and roots of plants (Magel, et al., 2000:324).  
It must be noted that only the inner bark (the part external to the vascular cambium) were 
sampled. Starch concentrations in the sapwood were therefore not determined. Instead, 
tree circumferences was measured to estimate the extent of carbohydrate accumulation. 
In this study, the circumferences of Ocotea bullata: 
 Increased both above and below the girdle wounds in nine  trees between 
September 2015 and September 2016, and 
 In seven of these trees the circumferences below the girdle wounds were higher 
than that of the circumferences above the girdle wounds. 
 No trees’ circumferences increased below the girdle wounds and decreased above 
the girdle wounds.    
 In one tree decreased both above and below the girdle wound between September 
2015 and September 2016. 
 In one tree the circumference increased above the girdle wound and decreased 
below the girdle wound. 
The circumferences of Curtisia dentata: 
 Increased both above and below the girdle wounds in seven trees between 
September 2015 and September 2016,  
 In three of these trees the circumferences below the girdle wounds were higher 
than that of the circumferences above the girdle wounds.  
 No trees’ circumferences decreased both above and below the girdle wounds.  
 In three trees the circumferences increased below the girdle wounds and decreased 
above the girdle wounds.   
 In four trees circumferences increased below the girdle wounds and decreased 
above the girdle wound 
The graphical display of circumferences of the trees in September 2015, and above and 
below girdle wounds in September 2016, showed that there was no carbohydrate 
accumulation because of girdling over the research period. In many trees the girth 
increased both above and below the girdle wounds.  
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The bi-monthly fluctuations in circumferences both above and below girdle wounds in 
both species, as well as in the normal control trees of both species,  may be an indication 
that not only carbohydrate accumulation and utilization play a role. Sheil (2003:2027) 
explains that expansion and shrinkage not necessarily reflect changes in woody growth, 
but that trees may possess a reservoir of water in their stems and that transpiration induces 
reversible stem constriction through reduction in xylem pressure, even daily. Factors that 
may affect shrinkage and expansion are air temperature, precipitation, solar radiation, 
relative humidity and wind speed (Ortuno, García-Orellana, Conejero, Ruiz-Sánches, 
Mounzer, Alarcón and Torrecillas, 2006:230). 
The normal control trees of both species increasing in girths after one year may also be 
an indication of normal annual growth and thickening because of the development of new 
secondary phloem and xylem on the outer and inner sides of the vascular cambium (the 
annual rings in a trunk of a tree). Annual growth and development could thus also have 
contributed towards the overall increases in girths of the girdled control and grafted trees.  
Carbohydrate accumulation could thus not successfully be determined by measuring the 
circumferences of the trees. It is therefore recommended that in future research, starch 
concentrations be determined by the sampling and analysis of the sapwood, and by using 
another method of analysis, such as mass spectroscopy or high-performance liquid 
chromatography. 
4.3.5 Spectral analysis 
The analysis of O. bullata with deuterium oxide and deuterium methanol as solvents 
showed that four months after girdling and bridge-grafting (January 2016), there were 
clear differences in the metabolomic fingerprints of responses above and below girdle 
wounds. This also coincided with callus initiation. After one year, however, there were 
no significant differences in the metabolomic fingerprints of responses above and below 
the girdle wounds, or between the normal control tree, the girdled control tree and the 
grafted trees. Metabolites within O. bullata had thus returned to normal, which proves 
that the phloem sap was moving through the scions towards the lower part of the trunk. 
The influence of the seasonal source-sink relationships was recognized with peak summer 
and peak winter harvests differentiating from the main cluster and separating from one 
another. Sucrose concentrations in July were high, and relatively lower in January, but 
not as low as for instance November 2015 or May 2016.  Other reasons thus need to be 
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sought. A few other factors such as possible water stress during peak summer and peak 
winter with either too little or too much available soil water, day length, sunlight 
availability for photosynthesis, could have been the cause.  
The same applies for the analysis of Curtisia dentata. There were greater differences in 
responses at different harvesting dates than above and below girdle wounds. There were 
no differences in the metabolomic fingerprinting of responses above and below the girdle 
wounds, nor between the normal control tree, the girdled control tree and the grafted trees.  
The differentiation of January, March and May 2016 from the main cluster showed 
stronger seasonal trends in metabolite responses than in O. bullata. July and September 
2016 grouping with the main cluster clearly indicates utilization of at least the non-
structural metabolite sucrose, as sucrose concentrations decreased in the January, March 
and May 2016 harvests, to normalize to the concentrations measured during September 
2015.  
The analysis of apolar compounds have been included in the results to show the 
differences in responses of the two species. This was a non-targeted approach as there 
might be other compounds important to this study, but the specific compounds were not 
targeted by the targeted approach.   
4.3.6 Sucrose concentrations 
Inference of identity and abundance of metabolites from NMR spectra is fraud with 
difficulties: 
1. Complex biological mixtures contain several metabolites which vary substantially 
in abundance, and can produce highly overlapped peaks. 
2. Due to numerous factors, such as the potential of pH and ionic interactions, peaks 
generated by a metabolite can deviate from the expected ppm. 
3. Binning can oversimplify the structure of spectra and can produce inaccurate 
identification and quantification; however, a database-based approach improves 
the interpretability and the accuracy of spectral interpretation. 
Only sucrose concentrations were thus determined as all the peaks for sucrose on the 
spectra fit into the standard set in Chenomx, and the anomeric proton peak was 
exclusively that of sucrose, with no other overlapping carbohydrate that could have 
resulted in inaccurate concentration levels. The heights of peaks on the spectra produced 
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by the NMR spectrometer change as concentrations of metabolites increase or decrease 
in a specific sample at a specific sampling date (Zheng et al., 2011:1367). Hoch, Richter 
and Körner (2003: 1076) explained that non-structural carbon compounds either 
accumulate or decrease depending on the carbon source-sink relationship. In evergreen 
trees, non-structural carbon compounds may become inactive in the dormant season, and 
shortages may occur during the phase of maximum growth in spring and early summer 
when carbon demand may exceed carbon supply by photosynthesis (Hoch, et al., 
2003:1076).  
Perennial woody plants exhibit a high potential for biomass production but the high 
productivity represents only a small portion of the carbohydrates it synthesizes 
(Kozlowski, 1992:110). Decreases from the carbohydrate pool may occur due to 
consumption by fungi and herbivores, shedding of plant tissues and the large aggregate 
losses of carbohydrates by respiration, leaching, exudation and secretion. Losses may also 
occur due to translocation through natural root grafts and mycorrhizae to other plants, 
and losses to parasites such as mistletoe and other sap feeders (Kozlowski, 1992:110).  
Seasonal fluctuations in sucrose concentrations occurred in both the O. bullata and C. 
dentata trees. Seasonal fluctuations in sugars were also evident in studies by 
Drossopoulos and Niavis (1988:321-327), Terziev, Boutelje and Larsson (1997:216-224) 
and Hoch, et al., (2003:1076-1081). 
Ocotea bullata 
In the statistical analysis, the differences in sucrose levels above the girdle wounds of 
Ocotea bullata over two sampling dates each time revealed the following trends:  
Above the girdle wounds - November 2015/September 2015: 
From the graph in figure 4.18 it is clear there was a decrease in the sucrose concentrations 
above the girdle wounds in all trees from September 2015 to November 2016. However, 
statistically there was a difference in the significance of the decreases.  
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations of the normal control tree 
(p = .2956). The directions and rates of change between the grafted trees and the 
normal control tree were thus the same 
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 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
girdled control tree (p = .4971). The directions and rates of change between the grafted 
trees and the girdled control tree were also the same. 
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in November 2015 seemed to be statistically significantly lower than the means of the 
sucrose concentrations above the girdle wounds of the grafted trees in September 
2015 (p = .0010). The directions of change were the same compared to the rest of the 
trees but the rate of change was significant. 
Above the girdle wounds – January 2016/November 2015: 
The graph in figure 4.18 showed there was an increase in the sucrose concentrations in 
the normal control tree, above the girdle wound in the girdled control t ree and above the 
girdle wounds of the grafted trees. The significance of the increases in each test was: 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests seemed to be statistically significantly 
different from the difference in the sucrose concentrations of the normal control tree 
(p = .0018). The directions of change were the same but the rate of change was higher 
in the normal tree. 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
girdled control tree (p = .1489). The directions and rates of change appeared to be the 
same.  
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in January 2016 did not seem to be statistically significantly different from the means 
of the sucrose concentrations above the girdle wounds of the grafted trees in 
November 2015 (p = .7158). The rate of change was not significant. 
Above the girdle wounds – March 2016/January 2016: 
Referring to figure 4.18 it became obvious that there was an increase in the sucrose 
concentration of the normal control tree and decreases in the sucrose concentrations above 
the wound of the girdled control tree and above the wounds of the grafted trees.  The 
significance of the increases/decreases in each test was: 
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 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two sampling dates seemed to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = ˂ .0001). Neither the directions nor the rates of change were the 
same. There was a sharp increase in sucrose concentration in the normal tree but the 
mean of sucrose concentrations of the girdled trees decreased only slightly. 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests did not seem to be statistically 
significantly different than the difference in the sucrose concentrations above the 
wound of the girdled control tree (p = .0519).  Both the directions and the rates of 
change appeared to be the same. 
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in March 2016 seemed not to be statistically significantly different from the mean of 
the sucrose concentrations above the girdle wounds of the grafted trees in January 
2016 (p = .9158). There was only a slight increase in the sucrose concentration in 
March. 
Above the girdle wounds – May 2016/March 2016: 
The graph in figure 4.18 showed a decrease in the sucrose concentrations in the normal 
control tree, above the wound of the girdled control tree and above the wounds of the 
grafted trees. The significance of the decreases in each test was: 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two sampling dates seemed to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = ˂ .0001). The directions of change were the same but the rates were 
significantly different. 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests seemed to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
girdled control tree (p = .0228). There was a sharper decrease in the mean of sucrose 
concentrations in the grafted trees than in the girdled control tree. 
 The mean of the sucrose concentrations above the girdle wounds of the grafted trees 
in May 2016 seemed to be statistically significantly different from the means of the 
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sucrose concentrations above the girdle wounds of the grafted trees in March 2016 (p 
= .0207). The decrease in sucrose concentrations in May 2016 was significant. 
Above the girdle wounds – July 2016/May 2016: 
The graph in figure 4.18 showed that the sucrose concentrations of all trees increased 
from the May 2016 to July 2016 dates. The significance of the increases in each test was: 
 The differences of the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests appeared to be statistically significantly 
different from the differences in sucrose concentration of the normal control tree (p = 
.0003). The directions of change were the same but the rates of change were 
significantly different. 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests did not seem to be statistically 
significantly different from the difference in the sucrose concentrations above the 
wound of the girdled control tree (p = .0814). The directions, as well as the rates of 
change co-incided. 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees in July 2016 seemed to be statistically significantly different from 
the means of the sucrose concentrations above the girdle wounds of the grafted trees 
in May 2016 (p = .0329). There was a significant increase in the sucrose 
concentrations in July.  
Above the girdle wounds – September 2016/July 2016: 
The graph in figure 4.18 showed slight increases in the normal control tree, above the 
wound in the girdled control tree, as well as above the wounds in the grafted trees. The 
significance of the increases in each test was: 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests seemed to be statistically significantly 
different from the difference in the sucrose concentrations of the normal control tree 
(p = .0005). The directions of change were the same but the rate was significantly 
higher in the normal control tree. 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two sampling dates appeared not to be statistically 
significantly different from the difference in the sucrose concentrations above the 
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wound of the girdled control tree (p = .3033). The rates and directions of change 
seemed to be the same.  
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in September 2015 seemed not to be statistically significantly different from the 
means of the sucrose concentrations above the girdle wounds of the grafted trees in 
July 2015 (p = .0761). 
Above the girdle wounds – September 2016/September 2015: 
The graph in figure 4.18 showed that the normal control tree had a higher sucrose 
concentration in September 2016 than in September 2015. The rest of the trees all had a 
lower sucrose concentration in September 2016 than in September 2015. The significance 
of the increase/decreases in each test was: 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the sampling dates did not seem to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .9342). Both the directions of change and the rates of change were 
the same. The mean of the sucrose concentration of the grafted trees compared very 
well to the sucrose concentration of the normal control tree in September 2016, a clear 
indication that the sucrose concentrations above the wound in the grafted trees had 
returned to normal.  
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests appeared to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
girdled control tree (p = .024). The change in the mean of the sucrose concentrations 
in the grafted trees from September 2015 to September 2016 was significantly 
different from the change in the sucrose concentration of the girdled control tree from 
September 2015 to September 2016. The sucrose concentration above the wound of 
the girdled control tree still compared well to the sucrose concentration of the normal 
tree in September 2016, which could only mean that the products of photosynthesis 
reached the girdle wound.  
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in September 2016 seemed to be statistically significantly different from the means 
of the sucrose concentrations above the girdle wounds of the grafted trees in 
September 2015 (p = .0010). Although the mean of the sucrose concentrations of the 
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grafted trees in September 2016 was lower than in September 2015, it compared well 
to the sucrose concentration of the normal tree in September 2016, a clear indication 
that the sucrose concentrations above the girdle wounds of the grafted trees returned 
to normal.  
 
The statistical analysis also revealed the following regarding the differences in sucrose 
levels below the girdle wounds of Ocotea bullata: 
Below the girdle wounds - November 2015/September 2015: 
From the graph is figure 4.18 it can be deduced that the sucrose concentrations below the 
wounds of all trees over two sampling dates decreased in November 2015. The 
significance of the decreases in each test was: 
 The differences in the mean sucrose concentrations below the wounds of the 
grafted trees between the two sampling dates did not seem be statistically 
significantly different from the differences in sucrose concentration of the normal 
tree (p = .7594). The directions and rates of change were the same. 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two sampling dates appeared to statistically significantly 
different from the difference in the sucrose concentrations below the wound of the 
girdled control tree (p = .0083). The directions of change were the same but the rate 
of change was higher in the grafted trees. 
 The mean of the sucrose concentrations below the girdle wounds of the grafted trees 
in January 2016 appeared to be statistically significantly different from the means of 
the sucrose concentrations below the girdle wounds of the grafted trees in November 
2015 (p = ˂ .0001). There was a sharp decrease in the sucrose concentrations of the 
grafted trees in November 2015. 
Below the girdle wounds – January 2016/November 2015: 
The graph in figure 4.18 showed that there was an increase in the sucrose concentrations 
in the normal control tree and below the girdle wounds of the grafted trees. Below the 
girdle wound in the girdled control tree the sucrose concentration decreased to an 
undetectable level. The significance of the increases/decrease in each test was: 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests seemed to be statistically significantly 
different from the difference in the sucrose concentrations of the normal control tree 
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(p = ˂ .0001). The directions of change were the same but the rate of change in the 
normal tree was higher than that of the mean of the sucrose concentrations below the 
girdle wounds of the grafted trees. 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two sampling dates seemed to be statistically 
significantly different from the difference in the sucrose concentration below the 
wound of the girdled control tree (p = .0008). The directions of change were 
significantly different. The mean of the sucrose concentrations below the girdle 
wound of the grafted trees increased while the sucrose concentration below the girdle 
wound decreased to an undetectable level.   
 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in January 2016 tested to be statistically significantly different from the means of the 
sucrose concentrations below the girdle wounds of the grafted trees in November 
2015 (p = .7158). The mean of sucrose concentrations below the girdle wounds of the 
grafted trees in January 2016 tested to be significantly higher than the mean of the 
sucrose concentrations below the wounds of the grafted trees of November 2015. 
Below the girdle wounds – March 2016/January 2016: 
Referring to figure 4.19 it became obvious that there was an increase in the sucrose 
concentrations in the normal control tree and below the wound of the girdled control tree. 
Below the wounds of the grafted trees there was a slight decrease in the sucrose 
concentrations. The significance of the increases/decreases in each test was: 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two sampling dates seemed to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = ˂ .0001).  The normal control tree sucrose concentration increased 
sharply in March 2016 but there was a slight decrease in the means of the sucrose 
concentrations of the grafted trees. 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two sampling dates seemed to be statistically 
significantly different from the difference in the sucrose concentrations below the 
wound of the girdled control tree (p = .0471). There was an increase in the sucrose 
concentration below the girdle wound of the girdled control tree in March and a 
decrease in the mean of the sucrose concentrations of the grafted trees. 
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 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in March 2016 did not test to be statistically significantly different from the means of 
the sucrose concentrations below the girdle wounds of the grafted trees in January 
2016 (p = .3313). The decrease in the mean of the sucrose concentrations was not 
significant. 
Below the girdle wounds – May 2016/March 2016:  
The graph in figure 4.18 showed a decrease in the sucrose concentrations in all trees. The 
significance of the decreases in each test is: 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two sampling dates seemed to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .0052). The directions of change were the same but the normal 
control tree sucrose concentration decreased significantly. 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests seemed to be statistically significantly 
different from the difference in the sucrose concentrations below the wound of the 
girdled control tree (p = ˂ .0001). The sucrose concentration below the girdle wound 
of the girdled control tree remained the same between these two months whereas the 
mean of the sucrose concentrations below the girdle wound increased. 
 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in May 2016 tested to be statistically significantly different from the means of the 
sucrose concentrations below the girdle wounds of the grafted trees in March 2016 (p 
= .0077). The decrease in sucrose concentration in the means of the grafted trees in 
May 2016 seemed to be significant. 
Below the girdle wounds – July 2016/May 2016: 
The graph in figure 4.18 shows that the sucrose concentrations of all trees increased from 
the May 2016 to July 2016 dates. The significance of the increases in each test was: 
 The differences of the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two sampling dates did not appear to be statistically 
significantly different from the differences in sucrose concentration of the normal 
control tree (p = .8420). The directions and the rates of direction appeared to be the 
same. 
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 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two sampling dates seemed to be statistically 
significantly different from the difference in the sucrose concentrations below the 
wound of the girdled control tree (p = ˂ .0001). The directions of change were the 
same but the increase in sucrose concentration in the means of the girdled trees was 
higher. 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees in July 2016 did not test to be statistically significantly different 
from the means of the sucrose concentrations below the girdle wounds of the grafted 
trees in May 2016 (p = .0696). Although the increase in sucrose concentration seemed 
to be significant on the graph, statistically it tested not to be significant. 
Below the girdle wounds – September 2016/July 2016: 
The graph in figure 4.18 showed decreases in all trees. The significance of the decreases 
in each test was: 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two sampling dates did not seem to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .5611). The directions of change were the same, as well as the rates 
of change. 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two sampling dates appeared to be statistically 
significantly different from the difference in the sucrose concentrations below the 
wound of the girdled control tree (p = ˂ .0001). The directions of change were the 
same but the rate of change in the means of the sucrose concentrations below the 
girdle wounds of the grafted trees was lower than that of the sucrose concentration 
below the girdle wound of the girdled control tree. 
 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in September 2016 did not seem to be statistically significantly different from the 
means of the sucrose concentrations below the girdle wounds of the grafted trees in 
July 2015 (p = .6600). The mean of the sucrose concentrations below the girdle 
wounds of the grafted trees did not test to be significantly lower in September 2016. 
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Below the girdle wounds – September 2016/September 2015: 
The graph in figure 4.18 showed that the sucrose concentrations below the wounds in all 
trees in September 2016 were lower than the sucrose concentrations below the wounds in 
September 2015. The significance of the decreases in each test was: 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the sampling dates did not seem to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .6271).  Both the directions of change and the rates of change were 
the same. The means of the concentrations below the girdle wounds of the grafted 
trees compared well to the sucrose concentration of the normal tree in September 
2016, as well as the mean of the sucrose concentrations above the wounds of the 
grafted trees in September 2016, a clear indication that the flow of sucrose from the 
canopy to the root system had been restored.  
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two sampling dates appeared to be statistically 
significantly different from the difference in the sucrose concentrations below the 
wound of the girdled control tree (p = .0018). The directions of change were the same 
but the decrease in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees was sharper than the decrease in the sucrose concentration below 
the girdle wounds of the girdled control tree. The “normal” appearance of the sucrose 
concentration below the girdle wound of the girdled control tree compared to the rest 
of the trees may be an indication that starch in the roots was mobilized and converted 
into sucrose during the beginning of the new growing season, or that natural root 
grafts with a tree of the same species proximal to the girdled control tree provided it 
with sucrose. Fraser, Lieffers and Landhäusser (2006:1019) stated that intact trees can 
transport enough photosynthates to keep the root systems of girdled trees alive for 
years. In their findings of their study on natural root grafts these researchers found 
that the total non-structural carbohydrates were about 40% greater in trees with 
natural root grafts than in non-grafted trees.  
 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in September 2016 seemed to be statistically significantly different from the means 
of the sucrose concentrations below the girdle wounds of the grafted trees in 
September 2015 (p = ˂ .0001). The decrease in the mean of the sucrose concentration 
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from September 2015 to September 2016 was high but the direction of change was 
the same as the rest of the trees. The mean of sucrose concentrations below the 
wounds of the grafted trees in September 2016 was higher than the mean of the 
sucrose concentrations above the girdle wounds of the same trees of the same month. 
This may be an indication that starch in the roots was mobilized and converted into 
sucrose during the beginning of the new growing season, and that the basal shoots 
below the girdle wounds may have produced additional sucrose. The means of the 
sucrose concentrations below the girdle wounds of the grafted trees, however 
compared well to the sucrose concentration of the normal control tree in September 
2016, an indication that the flow of sucrose from the canopy to the root system had 
been restored.  
 
Curtisia dentata 
In the statistical analysis, the differences in sucrose levels above the girdle wounds of 
Curtisia dentata over two sampling dates revealed the following: 
Above the girdle wounds - November 2015/September 2015: 
From the graph in figure 4.19 it is clear there was a decrease in the sucrose concentrations 
above the girdle wounds in all trees from September 2015 to November 2016. However, 
statistically there were differences in the significance of the decreases. 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations of the normal control tree 
(p = .8852). The directions and rates of change were not significantly different. 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests seemed to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
girdled control tree (= .0401). The directions of change were the same but the rate of 
change was higher in the girdled control tree than in the grafted trees. 
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in November 2015 did not seem to be statistically significantly different than the 
means of the sucrose concentrations above the girdle wounds of the grafted trees in 
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September 2015 (p = .5449). There was only a slight decrease from September 2015 
to November 2015. 
Above the girdle wounds – January 2016/November 2015: 
The graph in figure 4.19 showed there was an increase in the sucrose concentrations above 
the wounds in all the trees. The significance of the increases in each test was: 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations of the normal control tree 
(p = .2420). The directions and rates of change seemed to be the same. 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
girdled control tree (p = .7804). The directions and rates of change seemed to be the 
same.  
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in January 2016 did not seem to be statistically significantly different from the means 
of the sucrose concentrations above the girdle wounds of the grafted trees in 
November 2015 (p = .5119). The increase in sucrose concentrations above the girdle 
wounds in January was not significant. 
Above the girdle wounds – March 2016/January 2016: 
From figure 4.19 it is obvious there was an increase in the sucrose concentrations above the 
girdle wounds of all the trees. The significance of the increases in each test is: 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two sampling dates tested to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .0357). The directions of change were the same but the rate of change 
in the mean of the sucrose concentrations in the grafted trees was higher.  
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests did not seem to be statistically 
significantly different than the difference in the sucrose concentrations above the 
wound of the girdled control tree (p = .4895). The directions of change were the same 
but the rate of change in the mean of the sucrose concentrations in the grafted trees 
was higher.  
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 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in March 2016 seemed to be statistically significantly different from the means of the 
sucrose concentrations above the girdle wounds of the grafted trees in January 2016 
(p = .0342). The rate of change was significant. 
Above the girdle wounds – May 2016/March 2016: 
The graph in figure 4.19 showed decreases in the sucrose concentrations above the girdle 
wounds in all the trees. The significance of the decreases in each test is: 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two sampling dates did not test to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .5286). The directions and rates of change seemed to be the same. 
 The difference in the means of the sucrose concentrations above the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
girdled control tree (p = .1460). The directions and rates of change appeared to be the 
same. 
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in May 2016 seemed to be statistically significantly different from the means of the 
sucrose concentrations above the girdle wounds of the grafted trees in March 2016 (p 
= .2171).  
Above the girdle wounds – July 2016/May 2016: 
The graph in figure 4.19 showed that the sucrose concentrations above the wounds of all 
trees decreased from the May 2016 to July 2016. The significance of the decreases in each 
test was: 
 The differences of the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests appeared to be statistically significantly 
different from the differences in sucrose concentration of the normal control tree (p = 
.0086). The directions of change were the same but the rate of change in the grafted 
trees was higher. 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests appeared to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
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girdled control tree (p = .0076). The directions of change were the same but the rate 
of change in the girdled control tree was higher. 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees in July 2016 seemed to be statistically significantly different from 
the means of the sucrose concentrations above the girdle wounds of the grafted trees 
in May 2016 (p = .0085). The directions of change were the same as the rest of the 
trees but the decrease in July was significant.  
Above the girdle wounds – September 2016/July 2016: 
The graph in figure 4.18 showed slight increases in the normal control tree, above the 
wound in the girdled control tree, as well as above the wounds in the grafted trees. The 
significance of the increases in each test was: 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests did not seem to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .2356). The directions and rates of change tested to be the same.  
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two sampling dates appeared not to be statistically 
significantly different from the difference in the sucrose concentrations above the 
wound of the girdled control tree (p = .8840).  The directions and rates of change 
tested to be the same.  
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in September 2015 seemed not to be statistically significantly different from the 
means of the sucrose concentrations above the girdle wounds of the grafted trees in 
July 2015 (p = .9919). The change in the mean of the sucrose concentration above the 
girdle wounds from July to September 2016 was not statistically significant.  
Above the girdle wounds – September 2016/September 2015: 
The graph in figure 4.19 showed that the normal control tree had a higher sucrose 
concentration in September 2016 than in September 2015. The rest of the trees all had a 
lower sucrose concentration in September 2016 than in September 2015. The significance 
of the increase/decreases in each test was: 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the sampling dates did not seem to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
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control tree (p = .0519). Although the directions of change were different with the 
sucrose concentration of the normal tree showing a higher concentration in September 
2016 than in September 2015, and the mean of the sucrose concentrations above the 
girdle wounds showing a lower concentration in September 2016 than in September 
2015, the rate of change tested to be not significant. The mean of sucrose 
concentrations above the wounds in the grafted trees in September 2016 compared 
well to the sucrose concentration of the normal tree in September 2015, as well as to 
the sucrose concentration of the normal control tree in September 2016, an indication 
that the flow of sucrose concentrations in the grafted trees have been normalized. 
 The differences in the means of the sucrose concentrations above the girdle wounds 
of the grafted trees between the two harvests appeared to be statistically significantly 
different from the difference in the sucrose concentrations above the wound of the 
girdled control tree (p = .0391). The directions of change were the same but the rate 
of change was higher in the girdled control tree. Although this girdled control tree 
had callused with calluses connecting the upper and lower girdle margins of the 
wound, the flow of sucrose from the canopy to the root system through the possible 
newly developed phloem within the calluses when differentiation into the different 
cells occurred, could be much slower because there were no scions inserted.  
 The means of the sucrose concentrations above the girdle wounds of the grafted trees 
in September 2016 did not seem to be statistically significantly different from the 
means of the sucrose concentrations above the girdle wounds of the grafted trees in 
September 2015 (p = .0963). The direction of change was the same as the rest of the 
trees (except for the direction of change in the normal control tree), but the rate of 
change tested not to be significant. The mean of sucrose concentrations in the grafted 
trees in September 2016 compared well to the sucrose concentration of the normal 
tree in September 2015, as well as to the sucrose concentration of the normal control 
tree in September 2016, an indication that the sucrose concentrations above the 
wounds in the grafted trees had been normalized. 
 
The statistical analysis revealed the following regarding the differences in sucrose levels 
below the girdle wounds of Curtisia dentata over two sampling dates:  
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Below the girdle wounds - November 2015/September 2015: 
From the graph in figure 4.19 it is clear there was a decrease in the sucrose concentrations 
below the wounds in all trees from September 2015 to November 2016. However, 
statistically there was a difference in the significance of the decreases, and they are: 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests tested to be statistically significantly 
different from the difference in the sucrose concentrations of the normal control tree 
(p = .0365). The directions of change were the same but rates of change tested to be 
significant. 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests appeared to be statistically significantly 
different from the difference in the sucrose concentrations below the wound of the 
girdled control tree (p = .0451). The directions of change were the same but the rate 
of change was significantly higher in the girdled control tree.  
 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in November 2015 seemed to be statistically significantly different than the means of 
the sucrose concentrations above the girdle wounds of the grafted trees in September 
2015 (p = .0090). The directions of change were the same but the mean of the sucrose 
concentrations was significantly lower in November 2015 than in September 2015. 
Below the girdle wounds – January 2016/November 2015: 
The graph in figure 4.19 showed there was an increase in the sucrose concentrations 
below the girdle wounds of all trees over the two sampling dates. The significance of the 
increases in each test was: 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations of the normal control tree 
(p = .4375). The directions and rates of change appeared to be the same. 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests seemed to be statistically significantly 
different from the difference in the sucrose concentrations below the wound of the 
girdled control tree (p = .0277). The directions of change were the same but the rates 
of change were significantly different. 
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 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in January 2016 tested to be statistically significantly different from the means of the 
sucrose concentrations below the girdle wounds of the grafted trees in November 
2015 (p = .0002). The mean of the sucrose concentrations below the girdle wounds 
increased significantly in January 2016. 
Below the girdle wounds – March 2016/January 2016: 
Referring to figure 4.18 it became obvious there were increases in the sucrose concentrations 
below the girdle wounds of all the trees. The significance of the increases/decreases in each 
test was: 
 The difference in the mean of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two sampling dates seemed to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .0217). The directions of change were the same but the rate of change 
tested to be higher below the girdle wounds of the grafted trees. 
 The difference in the mean of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different than the difference in the sucrose concentrations below the wound of the 
girdled control tree (p = .8867). The directions and rates of change appeared to be the 
same. 
 The mean of the sucrose concentrations below the girdle wounds of the grafted trees 
in March 2016 tested to be statistically significantly different from the mean of the 
sucrose concentrations below the girdle wounds of the grafted trees in January 2016 
(p = .0342).  The mean of the sucrose concentrations below the girdle wounds 
increased significantly in March 2016. 
Below the girdle wounds – May 2016/March 2016: 
The graph in figure 4.19 showed decreases in the sucrose concentrations below the 
wounds of all trees over these two sampling dates. The significance of the decreases in 
each test was: 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two sampling dates did not seem to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .5286). The directions and rates of change appeared to be the same. 
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 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests did not seem to be statistically significantly 
different from the difference in the sucrose concentrations below the wound of the 
girdled control tree (p = .1460). The directions and rates of change appeared to be the 
same.  
 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in May 2016 tested not to be statistically significantly different from the means of the 
sucrose concentrations above the girdle wounds of the grafted trees in March 2016 (p 
= .2171). The decrease in the sucrose concentration below the girdle wounds in May 
2016 did not test to be significant. 
Below the girdle wounds – July 2016/May 2016: 
The graph in figure 4.19 showed that the sucrose concentrations below the girdle wounds 
of all trees decreased again from May 2016 to July 2016. The significance of the decreases 
in each test was: 
 The differences of the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two harvests did not appear to be statistically 
significantly different from the differences in sucrose concentration of the normal 
control tree. (p = .8827). The directions of change were the same and the differences 
in the rates of change did not test to be significant. The differences in the means of 
the sucrose concentrations below the girdle wounds of the grafted trees between the 
two harvests did not seem to be statistically significantly different from the difference 
in the sucrose concentrations below the wound of the girdled control tree (p = .0870). 
The directions and rates of change were not significant. 
 The difference in the means of the sucrose concentrations below the girdle wounds of 
the grafted trees between the two harvests did not appear to be statistically 
significantly different from the difference in the sucrose concentrations below the 
wound of the girdled control tree (p = .0870). Both the directions and rates of change 
were the same. 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees in July 2016 seemed to be statistically significantly different from 
the means of the sucrose concentrations below the girdle wounds of the grafted trees 
in May 2016 (p = .0888). Although the mean of the sucrose concentrations below the 
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girdle wounds of the grafted trees decreased in July 2016, the decrease did not test to 
be significant. 
Below the girdle wounds – September 2016/July 2016: 
The graph in figure 4.19 showed increases in the sucrose concentrations occurred below 
the girdle wounds of all trees from July 2016 to September 2016. The significance of the 
decreases in each test was: 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two harvests did not test to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .0717). The directions and rates of change were the same. 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two sampling dates appeared to be statistically 
significantly different from the difference in the sucrose concentrations below the 
wound of the girdled control tree (p = .0129). The directions of change were different. 
The sucrose concentration below the girdle wound of the gridled control tree 
increased while the mean of the sucrose concentrations below the girdle wounds of 
the grafted trees decreased. 
 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in September 2015 seemed not to be statistically significantly different from the 
means of the sucrose concentrations below the girdle wounds of the grafted trees in 
July 2015 (p = .1079). Although there was a decrease in the sucrose concentration in 
September 2016, the decrease did not test to be significant 
Below the girdle wounds – September 2016/September 2015: 
The graph in figure 4.19 showed that all trees had a lower sucrose concentration below 
the girdled wound in September 2016 than the sucrose concentrations in September 2015. 
The significance of the increase/decreases in each test was: 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the sampling dates did not seem to be statistically 
significantly different from the difference in the sucrose concentrations of the normal 
control tree (p = .6631). The mean of the sucrose concentration below the wound of 
the grafted trees compared well to the sucrose concentrations of the normal tree in 
September 2015, as well as to the sucrose concentration of the normal tree in 
September 2016, and the mean of the sucrose concentrations below the wounds also 
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compared well to the sucrose concentrations above the wounds of the same trees. This 
is a clear indication that the flow of carbohydrates from the canopies to the root 
systems in the grafted trees had been restored. 
 The differences in the means of the sucrose concentrations below the girdle wounds 
of the grafted trees between the two harvests appeared to be statistically significantly 
different from the difference in the sucrose concentrations below the wound of the 
girdled control tree (p = .0129). The directions of change were not the same. Although 
this girdled control tree had callused with calluses connecting the upper and lower 
girdle margins of the wound, the flow of sucrose from the canopy to the root system 
through the possible newly developed phloem within the calluses when differentiation 
into the different cells occurred, could have been restored.  
 The means of the sucrose concentrations below the girdle wounds of the grafted trees 
in September 2016 tested to be statistically significantly different from the means of 
the sucrose concentrations below the girdle wounds of the grafted trees in September 
2015 (p = .0255). Although the mean of the sucrose concentrations was lower in 
September 2016 than the mean of the sucrose concentrations of the same trees in 
September 2015, the mean of the sucrose concentrations below the wound of the 
grafted trees compared well to the sucrose concentration of the normal tree in 
September 2016, as well as the mean of sucrose concentrations above the girdle 
wounds of the same trees. This is a clear indication that the flow of sucrose from the 
canopies to the root systems of the grafted trees had been restored. 
 
From the graphs in figure 4.18 and 4.19, the general directions of change above and below 
the girdle wounds of the grafted and girdled control trees were the same as that of the normal 
control tree. There was therefore a similar pattern of change at each harvesting date. The 
exceptions are highlighted below. The rates of change were different in most of the samples 
from harvest to harvest, and some were significant and others were not.  
In Ocotea bullata the exceptions in the directions of change were:  
 Below the girdle wound of the girdled control tree in January the sucrose 
concentration decreased whereas the sucrose concentrations of the rest of the sample 
that month increased, and  
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 The sucrose concentration of the normal tree increased significantly in March 2016 
but above and below the girdle wounds of the girdled control tree, as well as above 
and below the girdle wounds of the grafted trees the sucrose concentrations decreased.  
 The sucrose concentration below the girdle wound of the girdled control tree remained 
the same between March and May 2016 whereas the mean of the sucrose 
concentrations below the girdle wound increased. 
The only exception in the direction of change in Curtisia dentata was: 
 The sucrose concentration below the girdle wound in the girdled control tree 
decreased in September 2016 whereas the sucrose concentrations of the rest of the 
samples of that month increased. 
 
The statistical analysis of the differences between the sucrose concentrations above and 
below the girdle wounds of the same trees showed that no significant differences occurred in 
all of the trees at all sampling dates, except for the Ocotea bullata girdled control tree in 
January 2016. The fact that the O. bullata girdled control tree showed that the differences 
above and below the girdle wounds were not significant cannot be explained yet. The thought 
occurs that starch in the roots could possibly be converted to sucrose to replenish sucrose 
below the wounds, but certainly not all year round. There was also no replenishment of the 
sucrose below the girdle wounds from the canopy for the normal sucrose/starch dynamics 
below the wounds of the trees to continue because girdling cuts the flow of carbohydrates at 
the wound. A second thought is the provision of sucrose by basal shoots below the girdle 
wounds. This was also not possible because this girdled control tree did not develop basal 
shoots. A third thought, however, is the occurrence of natural root grafts from trees of the 
same species proximal to the girdled control trees used for this study, and should be 
researched in future.  
 
Shigo (1985:101) explained that trees will survive after injury if they have enough time, 
energy and genetic capacity to recognize and compartmentalize the injured tissue while 
generating new tissue that will maintain the life of the tree. The C. dentata girdled control 
tree had calluses early in the study, and it is therefore possible that the flow of carbohydrates 
through newly developed phloem within the calluses restored the flow of carbohydrates.  
  
The statistical analysis of the grafted trees showed no significant differences in sucrose 
concentrations above and below the girdle wounds of the same trees at any sampling date, 
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therefore not only sucrose was responsible for the separation of the samples four months after 
girdling and bridge-grafting in the spectral analysis (January 2016). Other carbohydrate may 
also have contributed, and the possibility exists that any other metabolite present in the trunks 
of both O. bullata and C. dentata could also have caused the separation of the samples above 
and below the girdle wounds. The statistical analysis also confirmed that the insertion of 
scions had a positive effect on the recovery of the trees, and suggested that the restoration of 
the flow of carbohydrates from the canopy to the root systems could have occurred quite 
early in the study.  
4.3.7 Quantification of IAA 
Auxin is a key morphogenetic signal implicated in regulating a broad range of 
developmental processes such as cell division and elongation, and differentiation in plants 
(Zhao, Mou, Li, Huang, Zhai, Ma, Liu and Yu, 2015:16). However, the quantification of 
plant hormones, including auxin, is more difficult than that of other metabolites because 
of their much lower concentrations relative to other metabolites (Oikawa, Otsuka, 
Nakabayashi, Jikumaru, Isuzugawa, Murayama, Saito and Shiratake,  2015:1). 
Researchers thus use 1H NMR together with other analytical methods such as HTPC-PDA 
(Koga, Adachi and Hidaka, 2014:702), LC-MS (Sasaki, Shimomura, Kamada and Harada, 
1994:1160) or GC-MS (Teo, Tan, Yong, Ra, Liew and Ge, 2011:1) to analyze plant 
hormones, due to the more sensitive nature of these analytic methods.  
As only 1H NMR was used in analyzing metabolites in this study, the quantification of 
Indole 3 Acetic Acid (IAA) proved to be impossible due to the low quantities present in 
plant tissue samples. It is also possible that derivatives of IAA might have been present 
and not only IAA, which would also complicate the quantification of the hormone. Future 
studies involving plant hormones should thus be conducted using more than one analytical 
method. 
4.3.8 Similarities and differences in responses of O. bullata and C. dentata to girdling 
and bridge-grafting  
From all the results displayed, as well as the discussion above it is clear that there were 
both similarities and differences in responses between the two species. The similarities 
were: 
 The time after girdling and bridge-grafting when calluses were first observed, i.e. 
four months after girdling and bridge-grafting (January 2016), 
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 The tree canopies of both species that remained healthy throughout the study 
period, and 
 The time after girdling and bridge-grafting when growth nodules on the calluses 
were observed, i.e. eight months after girdling and bridge-grafting (May 2016), 
 Bridge-grafting was a successful method for the restoration of the flow of 
carbohydrates in both species. No tree died because of the severe girdling 
treatments. 
 There were no large increases in stem circumference above the girdling 
treatments, an indication that no starch is stored external to the vascular cambium. 
The increases that did occur were the result of natural growth and development.  
 Fluctuations in the sucrose concentrations occurred in each individual tree at each 
sampling date. 
 The general direction of change in the sucrose concentrations appeared to be 
similar in each of the two species at each sampling date. 
The differences in responses were: 
 Callus development in C. dentata was much slower than in O. bullata, 
 Basal shoot initiation and development was much slower in C. dentata than in O. 
bullata, 
 Callus initiation in O. bullata was mainly from the edges at the tops and bottoms 
of the wound margins developing towards the centre of the wound, whereas callus 
initiation in C. dentata was mainly from the cambium in the centre of the wound 
and developing upwards and downwards. 
 Calluses on O. bullata were thick masses of cell growth whereas calluses on C. 
dentata were smoother, thin sheets of cells. 
 The score scatter plots of O. bullata and C. dentata and for both solvents showed 
significant differences in metabolite responses with C. dentata showing greater 
seasonal fluctuations than O. bullata. There was, however, no differentiation 
above and below girdle wounds, or between the normal control tree, girdled 
control tree and grafted trees of both species after one year. 
 Apart from the September 2015 sucrose concentrations (regarded as the normal 
concentrations in all trees) sucrose concentrations were highest in only the Ocotea 
bullata normal control tree in March. The highest sucrose concentrations of the 
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girdled control tree and the grafted trees occurred in July 2016 (winter), which 
does not exactly correspond with what Terziev, et al., (1997:216) stated. They 
stated that the content of low-molecular sugars is highest during autumn, as well 
as winter. It contradicts the findings of Drossopoulos and Niavis (1988:323) who 
found the highest concentrations of sucrose to be occurring at the beginning of 
autumn.   
 In Curtisia dentata the highest sucrose concentrations in all trees occurred in 
March 2016 (beginning of autumn), which does also not exactly correspond with 
what Terziev, et al., (1997:216) stated. He stated that the content of low-molecular 
sugars is highest during autumn and winter. However, it confirms the findings of 
Drossopoulos and Niavis (1988:323) who found the highest concentrations of 
sucrose to be occurring at the beginning of autumn. 
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CHAPTER 5. CONCLUSION AND RECOMMENDATIONS 
 
5.1 INTRODUCTION 
 
This study was prompted by the need to find a way in which medicinal trees with 
extensive harvesting damage could be restored to prevent their deaths. Achievements of 
objectives described in Chapter 1 are summarized. The sucrose concentrations above and 
below girdle wounds after girdling and bridge-grafting were determined, an attempt to 
determine IAA allocation to the wound area was conducted, an attempt to determine the 
extent of carbohydrate accumulation was conducted and the similarities and differences 
in responses between O. bullata and C. dentata were determined. Other factors discussed 
in Chapters 2 and 4 such as callus development, which is important in bark regeneration, 
scion health and tree canopy health, were also considered. 
 
5.2 ACHIEVEMNET OF OBJECTIVES 
 
5.2.1 Hypothesis A - The extent of carbohydrate accumulation above girdle wounds. 
The following hypotheses were formulated regarding carbohydrate accumulation above 
girdle wounds:   
 H0: Carbohydrate accumulation does not occur above the girdle wound after 
girdling and bridge grafting. 
 H1: Carbohydrate accumulation does occur above the girdle wound after girdling 
and bridge-grafting 
 
Factors for decreases from the non-structural carbohydrate pool are described in 4.3.6 and 
in 4.3.4 it is stated that the NSC pool consists of soluble sugars, mainly sucrose, and 
starch, and although starch may occur in the bark, it is mainly stored in the sapwood and 
roots of plants. Starch is a polysaccharide with a long compound chain which complicates 
analysis with NMR due to its complexity. As only the bark of the trees was sampled from, 
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starch concentrations could not be determined to determine the extent of carbohydrate 
accumulation above girdle wounds. 
Measuring trunk circumferences yielded only small increases over one year , which could 
be due to the shrinkage and expansion caused by water content as discussed in Chapter 4, 
or due to normal annual growth and development. Other analytical methods need to be 
used combined with metabolomics in future to determine starch levels and the 
accumulation thereof in the trunks of the trees. Hypothesis A could thus not be tested 
with this study by measuring tree trunk circumferences. 
5.2.2 Hypothesis B – Sucrose concentrations above girdle wounds 
The following hypotheses were formulated regarding the sucrose levels above girdle 
wounds: 
 H0: Sucrose levels remain the same above the girdle wounds of the grafted trees 
at each sampling date. 
 H1: Sucrose levels are different above the girdle wounds of the grafted trees at 
each sampling date. 
 
Challenges regarding the identification and abundance of non-structural carbohydrates 
occurred because of highly overlapping peaks on NMR spectra. Sucrose, the main non-
structural carbohydrate in plants could, however, be successfully identified and the 
concentrations thereof determined.  
 Strong seasonal fluctuations in sucrose concentrations occurred in the trunks of 
both O. bullata and C. dentata.  
 Each species sucrose concentrations appeared to follow a specific trend. Except 
for the March 2016 harvest, the O. bullata girdled control tree, as well as the 
grafted trees’ sucrose concentrations increased or decreased at the same time as 
the normal control tree’s sucrose concentrations. 
 Sucrose concentrations above the wounds of O. bullata decreased during the 
November 2015 harvest, but so did the sucrose concentration of the normal control 
tree. This may be an indication of normal utilization for new growth during spring, 
but may also be due to a few other factors mentioned in Chapter 4 and flowering, 
as their flowering time in Chapter 2 was being described as spring and summer 
with peaks in December and January.  
149 
 
 Apart from the September 2015 sucrose concentrations, which were all regarded 
as normal sucrose concentrations, Ocotea bullata sucrose concentrations above 
the girdle wounds were highest in July 2016. The normal control tree’s highest 
sucrose concentration was in March though. 
 The sucrose concentrations of the normal control tree and grafted trees were lowest 
in May 2016 and the sucrose concentration above the girdle wound of the girdled 
control tree was lowest in November 2015. 
 Spectral analysis of O. bullata four months after girdling and bridge-grafting 
showed that differences in metabolite concentrations above and below the girdle 
wounds were prominent during the January 2016 harvest, but the statistical 
analysis showed that there were no significant differences in sucrose 
concentrations above and below the girdle wounds. Sucrose alone was therefore 
not the only carbohydrate responsible for the separations but other carbohydrates 
combined with sucrose could have been the reason.     
 The OPLS score plot of all O. bullata samples over one year revealed that the 
January and July 2016 samples separated from the main cluster but there were no 
differences in metabolite responses above and below the wounds.  
 The separation of these two months could be due to other metabolites or minerals 
which may affect photosynthesis, respiration and the nucleic acid, protein and 
carbohydrate metabolic processes, or due to possible water stress during peak 
summer and peak winter with either too little or too much available soil water,  day 
length and sunlight availability for photosynthesis. 
 Statistical analysis proved that the sucrose concentrations above and below the 
girdle wounds compared well to the sucrose concentration of the normal control 
tree in September 2016, and therefore it can be deduced that the flow of 
carbohydrates from the canopies to the root systems had been restored.  
 The sucrose concentrations above the girdle wounds of O. bullata were different 
at each sampling date and therefore H0 can be rejected. 
 Strong seasonal fluctuations also occurred in C. dentata.  
 Curtisia dentata sucrose concentrations also appeared to follow a specific trend 
but the trend did not completely coincide with that of O. bullata.  
 The sucrose concentrations of C. dentata at each sampling date were different than 
that of O. bullata.   
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 Sucrose concentrations above the girdle wounds of the girdled control, grafted and 
normal control C. dentata trees were all at their highest during the March 2016 
harvest. 
 The lowest sucrose concentrations of both the normal and above the wound of the 
girdled control C. dentata trees were in November 2015 whereas the lowest 
concentrations above the wounds of the grafted trees was in July 2016.  
 The low concentrations during the November 2015 harvest could also be due to 
growth and development in spring and/or by factors mentioned in Chapter 4.  
 Spectral analysis of C. dentata four months after girdling and bridge-grafting 
showed that differences in metabolite concentrations above and below the girdle 
wounds were prominent during the January 2016 harvest, but the statistical 
analysis showed that there were no significant differences in sucrose 
concentrations above and below the girdle wounds. Sucrose alone was therefore 
not the only carbohydrate responsible for the separations. Other carbohydrates 
could also have contributed. 
 The OPLS score plot of all C. dentata samples over one year revealed that the 
January, March and May 2016 samples separated from the main cluster but there 
were no significant differences in metabolite responses above and below the 
wounds.  
 The separation of these months’ samples showed that other metabolites, minerals 
and/or environmental factors affected the sucrose concentrations of these trees, 
specifically during the summer and autumn months.  
 Statistical analysis proved that the sucrose concentrations above and below the 
girdle wounds compared well to the sucrose concentration of the normal control 
tree in September 2016, as well as the normal control tree in September 2015, and 
therefore it can be deduced that the flow of carbohydrates from the canopies to the 
root systems had been restored.  
 The sucrose concentrations above the girdle wounds of C. dentata were different 
at each sampling date and therefore H0 can be rejected.
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5.2.3 Hypothesis C – Sucrose concentrations below girdle wounds 
The following hypotheses were formulated regarding the sucrose levels below girdle 
wounds: 
 H0: Sucrose levels below the girdle wounds of the grafted trees would not return 
to normal levels and will continue decreasing.  
 H1: Sucrose levels below the girdle wounds of the grafted trees would return to 
normal levels and will not continue decreasing.  
 Sucrose concentrations below the girdle wounds of the O. bullata grafted and 
girdled control trees in November 2015 still compered well to the sucrose 
concentration of the normal control tree in November 2015.  
 The sucrose concentration below the girdle wound of the girdled control tree in 
January 2016 however, decreased to an undetectable level while the sucrose 
concentrations below the girdle wounds of the grafted trees increased.  
 The sucrose concentration below the girdle wound of the girdled control tree 
however increased again in March 2016, and continued to fluctuate with the rest 
of the trees until September 2016. 
 This continued fluctuation below the girdle wound of the O. bullata girdled control 
tree may be due to the normal relationship between sucrose and starch, and may 
continue for some time until the effects of girdling eventually kill the roots of the 
tree. Another possibility, however, is that trees near this specific girdled control 
tree could have provided sucrose through natural root grafts, and should be 
researched in future. Sucrose from the canopy could not have replenished the 
levels of sucrose below the girdle wound.  
 The sucrose concentrations below the girdle wounds of the grafted trees compared 
well to the sucrose concentrations above the girdle wounds of the same trees in 
September 2016, as well as to the sucrose concentration of the normal tree in 
September 2016, and therefore it can be deduced that the flow of carbohydrates 
from the canopy to the root systems of the trees had been restored. 
 The statistical analysis of the differences in sucrose concentrations above and 
below the girdle wounds of the same trees revealed that only the girdled control 
tree had a significant difference in the sucrose concentrations above and below the 
girdle wound in January 2016.  
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 Sucrose concentrations below the wounds of the grafted O. bullata trees did not 
continue to decrease and H0 can thus be rejected. 
 Sucrose concentrations below the girdle wounds of the C. dentata grafted trees in 
November 2015 still compared well to the sucrose concentration of the normal  
control tree in November 2015. 
 The sucrose level below the girdle wound of the girdled control tree, however, 
decreased to a very low level in November 2015, but increased again in March 
2016, and continued to fluctuate with the rest of the trees until September 2016. 
 The C. dentata girdled control tree callused and the statistical analysis showed 
there was no significant difference between the sucrose concentrations above and 
below the girdle wound over time. It can therefore be deduced that the flow of 
carbohydrates may have moved through the newly developed phloem in the 
calluses after the differentiation of the parenchyma cells.  
 The sucrose concentrations below the girdle wounds of the grafted trees compared 
well to the sucrose concentrations above the girdle wounds of the same trees in 
September 2016, as well as to the sucrose concentration of the normal control tree 
in September 2016. Therefore, it can be deduced that the flow of carbohydrates 
from the canopy to the root systems of the trees had been restored. 
 Sucrose concentrations below the wounds of the grafted C. dentata trees did not 
continue to decrease and H0 can thus be rejected. 
5.2.4 Hypothesis D – Auxin levels 
The following hypotheses were formulated regarding the auxin concentrations both above 
and girdle wounds: 
 H0: Auxin concentrations do not increase at the girdle wounds of the grafted trees 
after girdling and bride-grafting. 
 H1: Auxin concentrations do increase at the girdle wounds of the grafted trees after 
girdling and bridge-grafting. 
 
The quantification of plant hormones, including the auxin IAA, is more difficult than that 
of other metabolites because of their much lower concentrations relative to other 
metabolites. The 1H NMR analytical method alone is not sensitive enough to correctly 
determine quantities because of these low concentrations. It is also possible that IAA 
derivatives were present in the samples, but could not be annotated, probably due to low 
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concentrations. Alternative methods such as HTPC-PDA, LC-MS or GC-MS should thus 
be employed to analyze IAA or related compound allocation to wounds after girdling in 
future. Hypothesis C could thus not be tested with this study. 
5.2.5 Hypothesis E - Responses of O. bullata and C. dentata to girdling and bridge-
grafting 
Hypothesis regarding the tree species’ girdling and bridge-grafting responses are: 
 H0: Ocotea bullata and Curtisia dentata responses to girdling and grafting 
treatment are the same. 
 H1: Ocotea bullata and Curtisia dentata responses to girdling and grafting 
treatment are different. 
 H2:  Ocotea bullata and Curtisia dentata have similar as well as different responses 
to girdling and bridge-grafting treatments.  
There were both similarities and differences between the two species’ responses to 
girdling and bridge-grafting and thus H0 and H1 can be rejected.  
The similarities observed during this study were: 
 Success was achieved in both species.  
 The time after girdling and bridge-grafting calluses were first observed i.e. four 
months after girdling and bridge-grafting (January 2016). 
 The time after girdling and bridge-grafting basal shoots were first observed i.e. 
four months after girdling and bridge-grafting (January 2016). 
 Health of the tree canopies – all canopies remained healthy throughout the research 
period.  
 The time after girdling and bridge-grafting when growth nodules on the calluses 
were observed i.e. eight months after girdling and bridge-grafting (May 2016). 
  Two-year old scions performed better than one year old scions. 
 Older trees recover faster than younger ones. 
Differences observed during this study included:  
 The locations of callus initiation - callus initiation on O. bullata was at the upper 
and lower girdle wound margins, and on C. dentata callus initiation was mainly 
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from the centre of the girdle wound but there were also calluses that initiated at 
the upper girdle wound margins. 
 Callus development – on O. bullata calluses developed from the upper margins 
of the girdle wound towards the centre of the wound. On C. dentata, calluses 
developed from the centre of the girdle wound upward and downward towards the 
margins of the girdle wound, and those which initiated at the upper girdle wound 
margin developed downwards. 
 The rate of callus development – the rate of callus development in C. dentata was 
slower than that of O. bullata  
 Basal shoot initiation and development – fewer C. dentata trees initiated basal 
shoots four months after girdling and bridge-grafting (January 2016) than O. 
bullata i.e. three basal shoot initials on C. dentata and five basal shoot initials on 
O. bullata. Basal shoot development was also slower in C. dentata than in O. 
bullata.  
 Metabolite responses – although both species showed seasonal effects in 
metabolite responses, the metabolites in C. dentata appeared to be more sensitive 
to the factors associated with seasonal change such as the differences in water 
availability and nutrient availability, climate, sunlight availability and day length, 
especially during summer and autumn. 
 Sucrose concentrations differed from tree to tree, from month to month and 
between species at each harvest.     
 Season in which the highest concentrations of sucrose were recorded after girdling 
and bridge-grafting - Ocotea bullata sucrose concentrations were highest with the 
July 2016 harvest (mid-winter) but the sucrose concentration of the normal 
control tree was highest in March 2016, and in Curtisia dentata, sucrose 
concentrations of all trees were highest during the March 2016 harvest (beginning 
of autumn).  
5.2.5 Other important factors for tree recovery  
Factors such as callus formation and development, scion health and tree canopy health 
are important factors to consider regarding the recovery of girdled trees:  
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 Callus initiation and development plays an important role in bark recovery 
because callus cells later differentiate into cambium cells and bark cells, which, 
over time, can close a wound.  
 Healthy, actively growing scions are needed for phloem sap to flow through to 
the parts of trunks below the girdle wounds, and 
 Healthy, green canopies are needed to continue the photosynthetic processes after 
girdling and bridge-grafting. The first signs of a dying tree may be the yellowing 
or browning of leaves and abscission.  
5.2.5.1 Callus initiation and development 
 Callus initiation and development was first observed on the grafted trees four 
months after girdling and bridge grafting in both O. bullata and C. dentata. 
 Calluses connecting the top and bottom of the girdle wound, however, also 
developed on the C. dentata girdled control tree, but not on the O. bullata girdled 
control tree. On the O. bullata girdled control tree calluses developed only on a 
section of the upper girdle margin. 
 Growth nodules were noticed on both species eight months after girdling and 
bridge-grafting.  
 Thicker, older trees have a better recovery potential than younger, thinner trees in 
both species.  
 The grafted trees were recovering well after one year although callus development 
in C. dentata was much slower than in O. bullata.  
 There appeared to be a relationship between recovery and circumferences of the 
trees. In O. bullata the highest callus cover within one year was achieved on the 
tree with an 87.7cm circumference and in C. dentata the highest callus cover was 
on the tree with an 88.9cm circumference. This possible relationship could be 
researched in future, considering environmental factors that could have an effect. 
5.2.5.2 Scion health 
Scions were cut from two-year old growth from young saplings as sufficient numbers of 
one-year old plant growth could not be found. All trees thus had one-year and two-year 
old growth scions inserted into them. This had a positive effect as many of the one-year 
old growth scions died, possibly due to their thinness, but all the two-year old growth 
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scions survived and are in a healthy condition. Eight months after girdling and bridge-
grafting it was noted that the scion unions have callused thereby securing the joints.  
5.2.5.3 Tree canopy health 
The tree canopies remained green and healthy through the entire study period. Abscission 
did occur during May 2016 but it was reported that strong winds prevailed in the area 
prior to monitoring and bark sample collection. Abscission also occurred in trees not part 
of the study in the same study areas as well on trees in other areas. The trees used for the 
study were carefully monitored after May 2016 but no further abscission occurred. 
 
5.3 CONCLUSION 
 
During this study it was observed that:  
 The bridge-grafting technique was successful for both O. bullata and C. dentata 
and it is a viable method to save medicinal trees with extensive harvesting damage, 
although it can only be implemented on trees with narrower girdle wounds .  
 Both species initiated calluses four months after girdling and bridge-grafting. 
 Curtisia dentata was more sensitive to girdling and grafting than O. bullata. Callus 
development/bark recovery was slower and it would take a longer period of time 
for the trees to recover completely. Basal shoot development was also slower in 
C. dentata 
 The manner of callus initiation and development in O. bullata and C. dentata 
differed. Ocotea bullata mainly initiated callus development through phellogen 
edge growth and C. dentata through sheet phellogen growth. 
 Scion insertion improved bark recovery in both species. 
 In both species, thicker, older trees healed more rapidly than younger, thinner 
trees. 
 There appeared to be a relationship between circumference (or age of tree) and 
optimal bark recovery.  
 The canopies of both species remained healthy throughout the entire study period.  
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 Scions cut from one-year old growth tended to die, whereas scions cut from two-
year old growth remained alive and healthy. 
 Calluses were visible at the scion unions eight months after girdling and bridge-
grafting in both species. 
 There were callus growth nodules on both species eight months after girdling and 
bridge-grafting. 
 Basal shoot initiation and development in C. dentata was slower than in O. bullata. 
 Taking measurements of the circumferences of trees cannot successfully be used 
to determine the extent of carbohydrate accumulation above girdle wounds as the 
trees expanded and shrunk both above and below wounds. It merely determined 
the extent of annual growth and thickening. To determine accumulation of 
carbohydrates the starch concentrations in the sapwood of trees needs to be 
determined. 
 The spectral analysis of O. bullata showed that there was a change in the responses 
of the metabolites above and below the girdle wounds four months after girdling 
and bridge-grafting. One year after girdling and bridge-grafting, however, there 
were no significant differences above and below the girdle wounds, which is an 
indication that the responses of the metabolites returned to normal and that the 
source-sink relationship had been restored. The separation of the January and July 
2016 harvests from the main cluster may be due to possible water stress during 
peak summer and peak winter with either too little or too much available soil 
water, day length, sunlight availability for photosynthesis, and other metabolites 
and/or minerals which may affect photosynthesis, respiration and the nucleic acid, 
protein and carbohydrate metabolic processes. The girdled control tree did not 
callus but the sucrose concentration below the wound compared well to that of the 
normal tree. The possibility that natural root grafts were responsible for the 
continued carbohydrate metabolism should be researched. 
 The spectral analysis of C. dentata revealed that there was a change in the 
responses of the metabolites above and below the girdle wounds four months after 
girdling and bridge-grafting. Curtisia dentata was strongly affected by seasons as 
samples collected during the January, March and May 2016 harvests were 
separated from the main cluster. One year after girdling and bridge-grafting, there 
were no differences above and below the girdle wounds or between the normal 
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control tree, the girdled control tree and the grafted trees.  The carbon source-sink 
relationship had therefore also been restored and that the phloem sap is flowing 
through the scions. The C. dentata girdled control tree callused and the statistical 
analysis showed there was no significant difference between the sucrose 
concentrations above and below the girdle wound over time. It can therefore be 
deduced that the flow of carbohydrates may have moved through the newly 
developed phloem in the calluses after the differentiation of the parenchyma cells.   
 Fluctuations in sucrose concentrations were evident in both tree species and at 
each sampling date. 
 Sucrose concentrations of the grafted and the girdled control trees in O. bullata 
were highest during mid-winter (July 2016), whereas the normal control tree’s 
sucrose concentration was highest at the beginning of autumn (March 2016). 
 The sucrose concentrations in all C. dentata trees were highest at the beginning of 
autumn (March).  
 The C. dentata girdled control tree also callused, and the statistical analysis 
showed there was no significant difference between the sucrose concentrations 
above and below the girdle wound over time. It can therefore be deduced that the 
flow of carbohydrates may have moved through the newly developed phloem in 
the calluses after the differentiation of the parenchyma cells.  
 The continued fluctuation below the girdle wound of the O. bullata girdled control 
tree may be due to the normal relationship between sucrose and starch, and may 
continue for some time until the effects of girdling eventually kill the roots of the 
tree. Trees close to this specific girdled control tree could have provided sucrose 
through natural root grafts as sucrose from the canopy could not have replenished 
the levels of sucrose below the girdle wound.  
 In both species, the sucrose concentrations both above and below the girdle 
wounds of the grafted and girdled trees generally followed the trends of increase 
and decrease of the sucrose concentrations of the normal control trees at each 
sampling date. 
 In both O. bullata and C. dentata the sucrose concentrations above and below the 
girdle wounds of the grafted trees compared well to the sucrose concentrations of 
the normal control tree in September 2016. It can therefore be deduced that the 
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flow of sucrose from the canopies to the root systems in these trees returned to 
normal.   
 Indole-3-Acetic acid concentrations cannot successfully be determined by using 
metabolomics due to their low concentrations present in plants. A combination of 
other analytical methods should therefore be employed in future studies. 
 Ocotea bullata and Curtisia dentata had similarities as well as differences in their 
responses to girdling and bridge-grafting. 
A challenge in future would be to educate commercial harvesters on the importance of 
trees and the consequences of destructive harvesting. Awareness of the relationship 
between a healthy environment and the well-being of communities should be enhanced. 
Commercial harvesters should also be encouraged to cultivate and propagate medicinal 
plants to sustain themselves, and stakeholders such as the Departments of Health, 
Forestry, Agriculture, Environmental Affairs and Culture should embrace and be involved 
in these initiatives. 
 
5.4 RECOMMENDATIONS FOR FUTURE RESEARCH 
 
The recommended research options identified and questions asked during this study are: 
1. The differences in starch concentrations between Ocotea bullata and Curtisia 
dentata after girdling and grafting. 
2. Starch content in the sapwood of girdled and grafted medicinal tree species to 
determine its seasonal dynamics and its relation to sucrose dynamics, and the 
specific pathways used for conversion. 
3. The analysis of Indole-3-Acetic acid by using other analytical methods combined 
with metabolomics to determine its allocation to wounds after girdling and 
grafting. 
4. What effect does carbon storage have on the productivity of O. bullata and C. 
dentata after girdling and grafting? 
5. Determining whether other metabolites influence carbon dynamics in Ocotea 
bullata and Curtisia dentata and in what manner each of them affect carbon 
dynamics. 
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6. Experiments with other grafting methods to restore growth in medicinal trees with 
wider girdles are necessary. 
7. Determine whether and to what extent natural roots grafts could influence the 
sucrose concentrations below the girdle wounds of girdled trees.   
8. The differences in responses of medicinal trees when girdled and grafted in 
seasons other than spring. 
9. Experiments regarding the responses of other endangered medicinal tree species 
to girdling and grafting. 
10. Determining whether there is a relationship between age of trees (or 
circumferences of trees) and the extent of callus cover and bark recovery, and if 
so, which factors (if any) contribute towards this relationship.  
11. Determine whether there is a difference in the medicinal properties of “original” 
bark and “regenerated” bark of O. bullata and C. dentata. 
Even though this study was successful in determining the success of bridge-grafting as 
technique to restore growth in O. bullata and C. dentata, much more still needs to be done 
to acquire knowledge on this subject. Other methods of restoration need to be 
experimented with on wider girdles, and experiments need to be conducted on other 
culturally important, endangered medicinal tree species. To acquire a better 
understanding of the influences and responses of metabolites and minerals, intense studies 
on the influences of girdling and grafting on other metabolites and minerals, and its 
effects on carbon dynamics should also be considered.  
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ANNEXURE A 
Permission obtained from Bonnievale Golf Club to conduct experimental research on 
Acacia karroo trees surrounding the area with studies conducted during 2013/2014. 
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ANNEXURE B 
Communication between SANParks and the researcher between 30 April 2015 and 17 
May 2015 which lead to several limitations. 
1) E-mail received from Jessica Hayes 30/04/2015 
Hi Anne, 
Thanks for your enquiry. We have received feedback from the relevant scientists and it 
includes the following comments for your consideration and comment:  
1.   It was acknowledged that the method could be a useful technique in specific 
situations where one wants to save individual trees damaged by destructive bark 
harvesting, however the wide application of the technique in forest management or 
sustainable resource use is possibly not practical due to various management 
constraints. Considering the above, the excessive damage that would be caused to 
more than 80 trees cannot be justified. In summary, the project was not supported in 
its current form. 
2.  If the number of trees are drastically reduced (it was suggested by one scientist - 
reducing sample size to a maximum of 5 trees per species, if st ill statistically viable), 
and treatments are confined to smaller trees at the Groenkop research site that have 
already been exposed to experimental bark harvesting, the project could be 
reconsidered. 
3.  It is however also appreciated that this could impact on the soundness of the 
project in terms of research methodology and sample size.  
 The following comments and questions regarding methodology of the proposal were 
also raised: 
 Site: The researcher refers to Wilderness; it is not clear if the researcher has a 
specific site in mind - probably not.  However, a suitable site could be selected 
through consultation between the managers and Scientific Services, probably 
located at Groenkop or Bergplaas.  How uniform must the site be?  The 
boundaries of the site will have to be clearly indicated to the researcher. 
  Species: Ocotea bullata Stinkwood, Curtisia dentata Assegai and Myrsine 
melanophloeos Boekenhout (formerly Rapanea melanophloeos) are relatively 
common on suitable sites and sufficient trees should be relatively easy to 
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locate.  Ilex mitis Cape holly is often less common and favours wetter sites, e.g. 
along streams, and it may be more difficult to locate sufficient trees.  
 Sizes of trees required are not specified by the researcher. Smaller trees would 
be preferable, but she may need to include some larger trees.  
 Scions cut from the previous year’s growth will be used for the grafting. These 
presumably come from the tree’s canopy, and may be difficult to collect. What 
are the researcher’s plans to deal with this? 
  What size are the bark samples that will be collected every 3 months (about 6 
sampling occasions)?  
 Please do not hesitate to contact me should you have any queries regarding the 
comments. 
 Kind regards, 
 Jessica 
 Jessica Hayes 
Regional Ecologist – Garden Route 
2.) Reply E-mail to Jessica Hayes 01/05/2015 
Jessica 
 The samples will be collected using a wood auger drill bit of 16mm and the depth to 
which samples will be taken is approximately 25mm. I need approximately 40mg of 
sample material per sample. I am not sure of the weight of one such sample as yet, 
though. I do have a little scale with which I can measure the weight and I do hope that 
1 such sample core per sample would be sufficient. I have reduced the sampling dates 
from 6 to 4 times due to the costs involved in the analysis thereof. It is extremely 
expensive. 
 I do not mind working with smaller trees as long as they are not so small that when 
they are girdled there would be insufficient carbohydrates left below the girdle wound 
for carbohydrate metabolism by the roots. I certainly do not want to kill trees, believe 
me!! Girdling and grafting during spring (in the active growing season) would favour 
rapid callus development. I am a little unsure about working on trees that have been 
used for bark harvesting experiments before because the experiments may have 
influenced the carbohydrate regime and auxin allocation to the trunks, but I am willing 
to compromise if needed. This would most probably be one of the things that I would 
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need some feedback on from my supervisors. This and of the reduction of sample 
sizes, of course.  
 When the scientists suggested 5 trees, did they mean 5 trees in total or 1 normal, 1 
control and 5 grafted one week after girdling and another 5 two weeks after girdling ? 
This is a total of 12 trees per species. A total of 5 trees will not be enough for statistical 
validity and reliability. I am also willing to reduce the number of species to 3 species 
(remove Ilex mitis) if necessary, but including it would provide information on more 
species (if there are enough trees available - I know they grow along streams). 
 I will be perfectly happy with any site the scientists recommend, and I will comply with 
the boundaries that will be set for me. No problem there.  
 I have sent you another e-mail regarding the collection of scion material. 
 I hope we can sort this out as soon as possible. Let me know if there are more 
questions and I will get back to you as soon as I have received feedback from my 
supervisors. 
Kind regards 
Anne 
3.) E-mail from Jessica Hayes to Scientific services Knysna 05/05/2015  
Dear Colleagues, 
I have received comment back from Anne van Wyk regards her project, and I also 
believe she chatted to Wessel this morning regarding sample size. Please see my 
comments hereunder and her response in the email below that. Please could you 
provide me with further comment following Anne’s feedback? Once we have finalized 
the details, I will ask her for the amended project proposal.  
1.     It was acknowledged that the method could be a useful technique in specific situations 
where one wants to save individual trees damaged by destructive bark harvesting, 
however the wide application of the technique in forest management or sustainable 
resource use is possibly not practical due to various management constraints. 
Considering the above, the excessive damage that would be caused to more than 80 
trees cannot be justified. In summary, the project was not supported in its current 
form. 
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2.       If the number of trees are drastically reduced (it was suggested by one scientist - 
reducing sample size to a maximum of 5 trees per species, if still statistically viable), 
and treatments are confined to smaller trees at the Groenkop research site that have 
already been exposed to experimental bark harvesting, the project could be 
reconsidered. 
3.       It is however also appreciated that this could impact on the soundness of the project 
in terms of research methodology and sample size. 
 The following comments and questions regarding methodology of the proposal were 
also raised: 
∙                     Site: The researcher refers to Wilderness; it is not clear if the researcher has a 
specific site in mind - probably not.  However, a suitable site could be selected through 
consultation between the managers and Scientific Services, probably located at 
Groenkop or Bergplaas.  How uniform must the site be?  The boundaries of the site will 
have to be clearly indicated to the researcher. 
∙                     Species: Ocotea bullata Stinkwood, Curtisia dentata Assegai and Myrsine 
melanophloeos Boekenhout (formerly Rapanea melanophloeos) are relatively common 
on suitable sites and sufficient trees should be relatively easy to locate.   Ilex mitis Cape 
holly is often less common and favours wetter sites, e.g. along streams, and it may be 
more difficult to locate sufficient trees. 
∙                     Sizes of trees required are not specified by the researcher. Smaller trees would be 
preferable, but she may need to include some larger trees.  
∙                     Scions cut from the previous year’s growth will be used for the grafting. These 
presumably come from the tree’s canopy, and may be difficult to collect. What are the 
researcher’s plans to deal with this? 
∙                     What size are the bark samples that will be collected every 3 months (about 6 
sampling occasions)?  
 With thanks and regards, 
 Jessica Hayes 
4.) E-mail from Dr. Wessel Vermeulen, chief scientist at Scientific Services, Knysna, to 
Jessica Hayes and forwarded to the researcher 06/05/2015 
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Hi Jessica 
 With reference to the revised project proposal,  I support the project provided that: 
-          The number of trees per species be limited to 7 (5 for treatment, 1 control and 1 
normal tree); 
-          The study be confined to the trees that have already been exposed to experimental 
bark harvesting; 
-          Only trees ≤35 cm DBH be selected for the study.  
Further comments on study site and species: 
-          Witelsbos (Tsitsikamma Section of the GRNP) would be the best site to study Ocotea 
bullata and Curtisia dentata; 
-          Myrsine melanophloeos at Groenkop (Wilderness Section of the GRNP) could be 
added as a third species if the sample size is reduced to seven.  
5.)  E-mail sent to Jessica Hayes 14/05/2015 
Jessica 
 
1. With the revised proposal I will only be working with Ocotea bullata and Curtisia 
dentata - Myrsine melanophloeos is not included. 
 
2. I will be working with trees that have been used in bark harvesting experiments before. 
I have said so. 
 
3. I asked Wessel telephonically to reconsider if I used 1 normal tree, 1 control tree, 5 
trees grafted 1 week after girdling and 5 trees grafted 2 weeks after girdling. That is 
1+1+5+5 = 12 trees. He said that that would be much better so I asked advice from my 
statistician and he said to rather graft the 10 trees either 1 week or 2 weeks after girdling 
(remember they will be wrapped immediately after girdling - a proven way of preventing 
trunk desiccation, insect and pathogen attack and to promote callus development) and c ut 
out the time differences of grafting. That would still yield relatively valid and reliable 
results. Doing it with 5 trees only would not- too few repetitions, according to the 
statistician. They wanted me to have 30 repetitions for valid and reliable results and to 
prevent me from being torn apart during the presentation of my dissertation.  
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4. Growth of trees in the hypothesis means canopy responses (does cover remain the 
same, increase or decrease over time) and I was advised by the statistician to rat her keep 
it at percentages and not add the classes of 0 to 5 to it. He knows why he advised me to 
do that. A copy of my dissertation will be presented to SANParks after completion of this 
study. 
 
5. Trees with 35cm DBH is fine. 
 
6. The idea is to see whether callus development will take place. It is not about edge- or 
sheet phellogen growth as may be the case when only the outer bark is being removed. 
Callus cells differentiates from non-distinct cells into phloem, xylem and cork cells which 
over time closes a wound - scientifically proven in several scientific literature. How would 
we know if we do not do it on these trees? 
 
As a final point - a reminder that I have done this before and I have really compromised 
where I could - from 88 trees to 24 of which 22 will be girdled and 20 grafted again. Please 
let me do this. I am pleading!! 
 
Apart from compromising statistical results if fewer trees are used, the lab costs will 
increase because I will no longer get the discount offered. Less than 40 samples per 
sampling date will result in the full prices being charged and that is extremely expensive.  
 
I have attached the proposal again. 
 
Kind regards 
 
Anne 
 
 
6.) Another E-mail to Jessica Hayes 14/05/2015 
 
Jessica 
 
I am really down-in-the-dumps this morning. Wessel himself worked on 180 Curtisia 
dentata and 89 Ocotea bullata - trees with no previous damage - in his study. All I am 
asking is 11 trees of each of the 2 species that have previously been used in his 
experiments before (that is apart from the 1 normal tree of each species), of which 10 
each will be grafted again, in the site he suggests, with trunk DBH as he suggests - medium 
sized trees is fine (his description). I will do everything I can to prevent the death of these 
trees, even re-graft if necessary. I will insert enough scions, see to it that each and every 
scion is placed correctly and I will monitor them every month to make sure they are okay. I 
did not even include repetitions of control tree responses because they may also differ - 
as my previous study has shown. 
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Please help me!!! 
 
Anne 
 
7.) Jessica Hayes forwarded the researcher’s previous two e-mails to the scientists and 
wrote the following: 
 
Hi Graham, Zodwa and Wessel, 
 Thanks for your comment to date on this project.   Please see below the applicant’s 
response to the recent detailed comment from Wessel. The main dilemma at this stage 
is the number of trees that she needs to work on to make her project worthwhile.  
 Please can you give her latest comments, in terms of numbers and the other  details, 
some thought so that we can conclude the comments from our side.  
 With thanks and kind regards, 
 Jessica 
8.) Jessica Hayes received a reply from Graham Durrheim in which he wrote the 
following on 14/05/2015: 
From: Graham Durrheim  
Sent: 14 May 2015 03:25 PM 
To: Jessica Hayes; Ntombizodwa Ngubeni; Wessel Vermeulen 
Subject: RE: Research proposal: van Wyk, A.S. - Determination of the success of bridge-
grafting as technique to restore growth in four girdled medicinal tree species in Wilderness, 
Western Cape 
 I could accept 12 trees of each species.  I expect that several could survive. 
Logistically it would be best if all trees are at the same site.  
The collection of scions will be difficult if taken from standing trees, due to the crown 
height.  She may need to harvest these from coppice shoots and saplings.  
 Regards 
 Graham Durrheim 
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Scientist (Forest Ecology) 
South African National Parks (SANParks) 
9.) Dr. Vermeulen replied with this e-mail 14/05/2015: 
Hi Jessica 
 I’ve discussed this with Graham and Zodwa. 
 We would accept 12 trees per species, assuming that several of them would survive.  
The study site for Ocotea bullata would have to be Witelsbos.  We would 
prefer Curtisia dentata to be done at Groenkop as no trees were felled there for 
Zodwa’s studies, but could accept Witelsbos if this is problematic. 
 Regards 
 Wessel 
10.) E-mail sent to researcher from Jessica Hayes 17/05/2015 
Good morning Anne, 
 Please see the closing comments below from the forest scientists in regards to your 
research project.  It seems the situation regarding numbers has been settled, and 12 
trees per species accepted. 
Please could you now put your project into the attached template format. Please could 
you address all comments and detail discussed via email over the last couple of days 
and weeks (which will mostly be addressed under the ‘work procedure’) in the 
application form. All research applications need to be submitted in this format for 
audit purposes. 
 Once I have this document, I will obtain the final approval from our GM at scientific 
services and pass onto to park management for their approval.   This should hopefully 
wrap up during the course of next week. 
 I am also attaching the research agreement and indemnity forms. Please could you 
also complete these and return them to me. 
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 Kind regards, 
Jessica 
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ANNEXURE C 
The formal approval letter from SANParks. 
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ANNEXURE D 
The permit issued by SANParks. 
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ANNEXURE E 
Ethical clearance document Ref 2015/CAES/070 
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ANNEXURE F 
Communication between the researcher and Dr. Wessel Vermeulen 
Hi Anne 
 
Die behandeling van die bome is in 2001 gedoen (Winterbehandeling = Julie/Augustus; 
Somerbehandeling = Desember) 
 
Groete 
 
Wessel 
 
-----Original Message----- 
From: Anne van Wyk [mailto:anne.vanwyk@hotmail.com]  
Sent: 09 July 2016 06:40 PM 
To: Wessel Vermeulen 
Subject: Jou PhD studie 
 
 
Goeie dag Dr Vermeulen 
 
Iets wat ek baie graag wil weet - in watter jaar het jy die Ocotea bullata en Curtisia dentata 
bome vir jou PhD studie se stroke bas verwyder? Ek het gesien dat jy jou studie in 2009 
klaargemaak het maar sal graag wil weet wanneer jy begin het daarmee.  
 
Vriendelike groete 
 
Anne van Wyk 
M.Sc. student-Unisa 
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ANNEXURE G  
Draft article 
Exploring Bridge-Grafting as Technique to Restore Growth in 
Girdled Ocotea bullata and Curtisia dentata in the Southern Cape 
Forest Area 
A.S. van Wyk1, E.M. van Staden2, W.A.J. Nel3, G. Prinsloo4 
 
Abstract 
The girdling of trees for the medicinal plant trade is one of the many concerns of persons 
working in the field of nature conservation. Both traditional healers and commercial 
harvesters harvest plant material, but the method used by commercial harvesters to 
remove bark from a tree is that of total bark removal.  Girdling affects foliage, flowering, 
fruiting, seeding, basal sprouting and carbohydrate flow from the canopies to the root 
systems. A few methods to restore damage caused by rodents or mechanical injury in fruit 
trees are described in horticultural literature, but the method of bridge-grafting was 
researched as a possible method to restore growth in medicinal trees with narrower girdle 
wounds and extensive harvesting damage. The study was conducted with a case study 
approach using empirical studies which included fieldwork. Bark samples were collected 
and transported to a laboratory for analysis, using plant metabolomics as a method of 
analysis and primary numerical data was used to analyze data. The research questions for 
this study were: 1) To what extent does carbohydrate accumulation occur over time above 
a girdle wound? 2) Do carbohydrates (with specific reference to sucrose) move through 
the scions towards the area of trunk below the girdle wound? 3) Does girdling trigger an 
increase in the auxin concentration to initiate callus development? 4) How would 
threatened indigenous medicinal tree species such as Ocotea bullata and Curtisia dentata 
respond to girdling and bridge-grafting treatment? There were both similarities and 
differences in responses between O. bullata and C. dentata, the trees used for this study. 
Although success was achieved with both species, much more research is required in this 
field. 
Key words: girdling, bridge-grafting, sucrose, carbohydrate accumulation, callus, bark 
recovery
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INTRODUCTION 
 
In South Africa, there is a growing concern regarding the sustainability of bark harvesting 
due to the reduced availability of medicinal trees in natural areas (Cunningham, n.d.). 
Additional concerns are the slow growing and slow-reproducing nature of South Africa’s 
indigenous trees, some of which have specific habitat requirements and a limited 
distribution (Cunningham, n.d.). Mander (1998) stated that the demand for numerous 
medicinal plant species exceeds supply, and continuous over-exploitation raise serious 
concerns regarding future availability, tree species diversity, genetic diversity and 
biodiversity. 
 
Approximately 20 000 tons of plant material are being harvested in South Africa from 
wild resources annually (Mander, Ntuli, Diederichs and Mavundla, 2007). An additional 
40 tons of scarce species are being imported from neighboring countries such as 
Mozambique and Swaziland, while only 5 tons are being harvested from cultivated plants 
(Mander, 1998). The percentages of plant material used and sold is 27%bark, 27% roots, 
14% bulbs, 13% whole plants, 10% leaves and stems, 6% tubers and 3% mixed plant 
material (Mander, et al., 2007). 
Mander et al., (2007) reported more than 200 000 traditional healers and an estimated 63 
000 commercial harvesters as suppliers of medicinal material.  With an estimated 80% of 
all African users in South Africa that rely on plant material for their basic healthcare 
needs (Agbor and Naidoo, 2011), the medicinal plant trade market contributes 
significantly towards the economy (Dold and Cocks, 2002). 
Traditional healers are persons with no formal medical training, but the communities 
within which they live recognize them as being competent in dealing with their healthcare 
needs by using plant, animal and mineral substances (Fullas, 2007). Methods used by 
traditional healers mainly entail strip-barking or patch-barking, whereby strips or patches 
of bark of variable widths and lengths are being removed on one side of a tree 
(Cunningham, 1988). Sufficient amounts of phloem are left on the tree for carbohydrate 
metabolism (Moore, 2013). Currently, however, fewer traditional healers collect and 
harvest plant material themselves as they now purchase from commercial harvesters 
(Mander, 1998). 
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Commercial harvesters often harvest as the only source of income (van Andel and 
Havinga, 2008), and to obtain the amounts of bark sold in the medicinal plant trade 
market, large numbers of trees need to be debarked annually. The method used by 
commercial harvesters is that of total bark removal (Grace, Prendergast, van Staden and 
Jäger, 2002; Delveaux, Sinsin, Darchambeau and van Damme, 2009) which includes the 
removal of all tissue external to the secondary xylem in as high as possible quantities.  
The removal of bark from a tree affects its foliage, flowering, fruiting, seeding, basal 
sprouting and rooting (Noel, 1970). The most devastating effect is that girdling cuts the 
supply of carbohydrates to the root system of a tree. Immediately after girdling, there is 
sufficient amounts of carbohydrate reserves for active root cell metabolism, but after the 
carbohydrate reserves have been depleted, root growth ceases and root cells begin to 
starve. At that point water and nutrient uptake is affected and the tree will start to shed 
its leaves. The tree will begin to wilt and the area above the girdle wound will begin to 
die, which may eventually result in the whole tree dying (Moore, 2013). 
Several literatures advocate the necessity to conserve medicinal plants, however, no 
scientific literature could be found which describes methods of possible restoration to be 
implemented on medicinal trees extensively damaged through bark harvesting. The 
technique of bridge-grafting is widely described in horticultural literature, but has not 
been experimented with on medicinal trees.  
 
The research questions for this study were: 1) To what extent does carbohydrate 
accumulation occur over time above a girdle wound? 2) Do carbohydrates (with specific 
reference to sucrose) move through the scions towards the area of trunk below the girdle 
wound? 3) Does girdling trigger an increase in the auxin concentration to initiate callus 
development? 4) How would threatened indigenous medicinal tree species such as O. 
bullata and C. dentata respond to girdling and bridge-grafting treatment? 
 
STUDY AREA 
 
 
The research was conducted in the Garden Route National Park (GRNP) in the Western 
and Eastern Cape Provinces of South Africa. The GRNP includes the previously 
proclaimed Tsitsikamma and Wilderness National Parks, state forests and mountain 
catchment areas, as well as the Knysna National Lake Area, and is managed by South 
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African National Parks (SANParks) (South African National Parks, 2014). Orographic 
rain is received throughout the year with peaks in autumn and early summer, and the area 
has a moist, warm, temperate climate (Vermeulen, 2009). Mean annual rainfall is 977mm 
as recorded by the Harkerville forestry station (Vermeulen, 2009) and mean daily 
maximum temperature as recorded at George airport varies between 18.7°C and 24.7°C 
(Vermeulen, 2009). The research site for C. dentata was the Groenkop section of the 
Wilderness National Park in the Western Cape Province of South Africa and the research 
site for O. bullata was at the Witelsbos section of the Tsitsikamma National Park in the 
Eastern Cape Province of South Africa. 
 
    
RESEARCH METHODOLOGY 
 
 
The governing body of the area, SANParks, imposed severe limitations regarding the 
sizes of the trees, the species that may be used, the study sites, the number of trees that 
may be used and which individual trees of each species may be used. Only trees on which 
previous sustainable harvesting experiments were conducted could be used for grafting. 
Sample sizes included 12 trees per species, 11 of which were trees on which previous 
harvesting experiments had been conducted, and the normal control tree was one tree on 
which no harvesting experiments have been conducted. Of the 11 trees on which 
harvesting experiments have been conducted, one served as girdled control tree.  
The study was conducted with a case study approach using empirical studies which 
included fieldwork. Bark samples were collected and transported to a laboratory for analysis 
using plant metabolomics as a method of analysis, and primary numerical data was used to 
analyze data statistically. 
The methodology described by Samad, McNeil, and Kahn (1999) was used to girdle trees, 
with some modifications. The girdle wounds were increased from 8cm to 15cm, and all 
tissue external to the vascular cambium was removed. The methodology described by 
Garner (1993) was used to bridge-graft trees. 
Girdling 
Girdling commenced on the 31st of August 2015 for O. bullata and the 1st of September 
for C. dentata.
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Girdling was conducted by sawing a ring through the bark around the tree at a height of 
1.2m above ground. A second ring was sawn in at 15cm above the first ring. Both cuts 
were made to depths of between 1.5mm and 15mm, depending on bark thickness. All bark 
external to the vascular cambium was removed. Each girdled tree, except for the girdled 
control tree, was covered in polyethylene plastic sheeting and secured at the edges with 
duct tape to prevent desiccation, insect attack and to promote callus development. The 
initial bark samples were cut from the removed bark and was regarded as  “normal” bark 
as the trees were “undamaged” until girdling took place, and it yielded “normal” 
metabolite results during analysis. Bark samples were collected bi-monthly between 
September 2015 and September 2016.  
Bridge-grafting 
The plastic sheeting was removed and the girdle wounds painted with a water-based 
bitumen grafting sealer and protector just before the grafting process commenced. L-
shaped incisions the width of the scion was made into the bark above and below the girdle 
wound at matching positions above and below the girdle wound. Incisions were cut in 
approximately 5cm above and below the girdle wound as dieback may occur at the wound 
margins, and scions must be inserted into live tissue. Freshly-cut scions were used, and 
were cut from young growth of the previous year and two years back from young trees of 
the same species, and defoliated. Saplings were used to collect scion material from as the 
adult trees were very tall (12-15m) and their canopies could not be reached for scion 
collection. Each scion was taper-cut basally and apically and the slants were in opposite 
directions. The length of each scion was approximately 15cm longer that the width of the 
girdle. 
Scions were treated with a fungicide before grafting commenced. The bark at the incisions 
below and above the wound were lifted and the taper-cut, fungicide-treated edges of the 
scions were inserted beneath the bark in such a manner that the cambia of the scions were 
in contact with the cambium of the trunk of the tree. The scions needed to have an arch 
between the two insertions to allow for maximum contact between the cambia of the 
scions and the cambium of the damaged tree.  
After insertion of the scions at both ends of the girdle wound, the bark and scions were 
fixed to the tree. This procedure ensured that there was no scion movement. The treatment 
was repeated around the girdle wound at approximately 5cm intervals (Figure 1). When 
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the whole wound was treated in this manner, a layer of water-based bitumen grafting 
sealer and protector was painted over the unions. The scions, however, were not painted.  
Bark sampling 
Bark sample collection on the six sampling dates following the initial bark sampling 
during girdling entailed the following: 
From the normal trees one sample was collected by cutting out rectangular cubes of 
approximately 30 x 8 mm, and sampling was executed at a similar height as the first 
collection but from different sides each time so that the flow of metabolites was not 
disrupted. From the control and grafted trees two samples were collected in the same 
manner as for normal trees at each sampling date, one approximately 10cm above the 
scion unions and the other approximately 10cm below the scion unions, also from 
different directions each time. Each hole left by sampling was immediately plugged with 
wax and painted with water-based bitumen grafting sealer and protector. Samples were 
put into cryo-vials at each sampling date and immediately immersed into liquid nitrogen 
to prevent degradation of the metabolites. After all the samples were collected and shortly 
before boarding on an aeroplane, the samples were put onto dry ice for transport to 
Gauteng, and the samples were delivered to the laboratory soonest after landing.  
Bark processing and metabolite extraction 
The frozen samples were placed into a sample rack, put in the Labonco® Freezone 2.5 
freeze drier and freeze-dried for 24 hours at -68°F (-55.5ºC) with a vacuum of 0.010 
millibar. Each sample was separately ground to a fine powder with an IKA® A11 grinder 
and placed back into the cryo-tubes. From each sample two samples of 50mg each of the 
powdered sample material was weighed off on a Shimadzu ATX 124 scale and placed 
into separate Eppendorf tubes. The material was stored at -80°C until used.  
One set of samples was used to extract metabolites using deuterium water solution and 
deuterium methanol. The solution was prepared by adding KH2PO4 and TSP to 100ml of 
deuterium water with the pH adjusted to 6 using NaOD. The process of extraction of the 
first set of samples entailed adding 750 microliters of deuterium water solution and 750 
microliters of deuterium methanol into each of the samples in the Eppendorf tubes. The 
tubes were then vortexed for 1 minute each, sonicated for 20 minutes and centrifuged for 
15 minutes. At least 600 microliters of the supernatant, now containing the metabolites, 
were transferred using glass pipets into 5mm Norell NMR tubes. NMR lids were placed 
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onto each NMR tube to reduce evaporation before analysis on the NMR spectrometer. 
For each sample 64 scans were recorded with consistent settings throughout. For polar 
samples PRESAT settings were applied to suppress the water peak.  
The second set of samples was used to extract the apolar compounds using deuterated 
chloroform. For the apolar extracts, 1.5ml deuterium chloroform was added to each 
sample, separately vortexed for one minute and sonicated for 20 minutes but the samples 
were not centrifuged because the sample material floated on top of the supernatant. To 
extract the fluid, a piece of cotton wool was placed into the Eppendorf tube and pushed 
to the bottom, pushing the bark particles down with it. The liquid was extracted through 
the cotton wool to obtain a clear supernatant. The plant material particles floated on top 
of the fluid and no particles should be included as this affects the analysis. The rest of the 
processes were the same as for the first sample set. For each sample, 64 scans were 
recorded, but without PRESAT settings as in the polar samples. 
Metabolic analysis  
Metabolomic analysis was done using the Nuclear Magnetic Resonance (NMR) profiles 
obtained for each sample.  Each sample was pre-processed to ensure alignment of the 
sample spectra and then analyzed using multivariate data analysis. MestReNova was used 
to process the spectral data produced by the NMR.  The data was normalized, baseline 
corrected, phased and referenced according to internal standard TSP.  The data was pareto 
scaled and binned into 0.04 parts per million (ppm) bins. The data was exported to MS 
Excel before multivariate data analysis using SIMCA. PCA-X and OPLS-DA plots were 
produced by SIMCA at a 95% confidence level. Various databases such as Chenomx and 
the Human Metabolome Database (HMDB) were used to annotate metabolites in a 
specific sample.  
The extent of callus development 
Callus development was estimated visually by comparing the area covered by callus 
development to the area not covered.  
Carbohydrate accumulation 
Only the part external to the vascular cambium was sampled and metabolomic analysis is 
not able to identify starch as it is too complex. Thus, the extent of carbohydrate 
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accumulation was estimated by measuring the circumferences of the tree trunks 
approximately 15cm above and below girdle wounds. 
 
RESULTS 
 
Callus development 
Callus formation in both O. bullata and C. dentata was first observed four months after 
girdling and bridge-grafting (January 2016). It was noted that the extent of callus 
development in both species differed from tree to tree and that callus development in C. 
dentata was much slower than that of O. bullata. The frequency chart (figure 1) clearly 
shows that callus development in C. dentata is slower than that of O. bullata, although 
the same number of trees (9) were between 0 and 60% covered after one year.  
 
Figure 1: Frequencies of callus cover for both O. bullata and C. dentata.  
Spectral analysis 
Changes in metabolite responses occurred at every sampling date (bi -monthly). Four 
months after girdling and bridge-grafting, differences in the metabolites above and below 
the girdle wounds were clearly visible in both species in the January analysis, and the 
January 2016 harvest separating from November and September 2015 harvests (figures 2 
and 3) 
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Figure 2: Score scatter plot of O. bullata with deuterium oxide and deuterium methanol 
as solvents four months after girdling and bridge-grafting. 
 
Figure 3: Score scatter plat of C. dentata with deuterium oxide and deuterium methanol 
as solvents four months after girdling and bridge-grafting.  
Responses of all samples collected over one year showed seasonal effects. In O. bullata 
January 2016 (mid-summer) and July 2016 (mid-winter) are clearly separated from the 
main cluster (figure 4), and there was no clear differentiation in responses above and 
below the girdle wounds one year after girdling and bridge-grafting, or between the 
girdled control tree, grafted trees and the normal tree. 
Ocotea bullata score scatter plot four months after 
girdling and bridge grafting – DO4 and Deuterium 
methanol 
Curtisia dentata score scatter plot four months after 
girdling and bridge grafting – DO4 and Deuterium 
methanol 
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wounds 
January 2016 – below girdle 
wounds 
Sept and Nov 
2015 
January 2016 – above girdle 
wounds 
January 2016 – below girdle 
wounds 
Sept and Nov 
2015 
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Figure 4: Score scatter plot of Ocotea bullata between September 2015 and September 
2016 with deuterium oxide and deuterium methanol as solvents.  
C. dentata responses showed a strong seasonal response (figure 5) from January (mid-
summer) to May 2016 (end of autumn). Curtisia dentata also showed no clear 
differentiation in responses above and below girdle wounds one year after girdling and 
bridge-grafting, or between the girdled control tree, grafted trees and the normal tree.  
 
Figure 5: Score scatter plot of Curtisia dentata between September 2015 and September 
2016 with deuterium oxide and deuterium methanol as solvents.  
Curtisia dentata score scatter plot –OPLS-DA-
DO4 and Deuterium methanol 
Ocotea bullata score scatter plot-OPLS-DA – DO4 
and Deuterium methanol  
July 2016 
January 2016 
Sept and Nov 2015, 
Mar, May and Sept 
2016 
May 2016 
Jan 2016 
Mar 2016 
Sept and 
Nov 2015, 
Jul and 
Sept 2016 
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The set of samples with deuterium chloroform was analyzed with NMR but the lipids and 
fatty acids were not included in this study because they would not answer any of the 
research questions. The analysis thereof could, however, be used in future research.   
Quantification of sucrose 
Sucrose is the main soluble sugar translocated in plants and often represents 95% of the 
dry weight of translocated matter (de Mello, de Campos Amara and Melo, 2001). Magel, 
Einig and Hampp (2000) describe starch as the pivotal non-soluble storage carbohydrate 
and is stored mainly in the roots and sapwood of trees (Magel, et al, 2000). 
Metabolic profiling showed that sucrose fluctuations occurred in O. bullata at each 
sampling date (figure 6). In general, the grafted and girdled control trees tended to follow 
the same trend as that of the normal tree, i.e. the sucrose concentrations of the girdled 
control tree and grafted trees increased when the normal control tree’s sucrose 
concentration increased, and vice versa. There were a few exceptions in O. bullata 
though. 
 
Figure 6: Fluctuations in O. bullata sucrose concentrations at each sampling date.  
Fluctuations in sucrose levels also occurred in C. dentata at each sampling date (figure 
7). The grafted and girdled control trees also tended to follow the same trend as that of 
the normal tree, i.e. the sucrose concentrations of the girdled control tree and grafted trees 
increased when the normal control tree’s sucrose concentration increased, and vice versa. 
There was only one exception in C. dentata. 
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Figure 7: Fluctuations in sucrose concentrations in C. dentata at each sampling date. 
Carbohydrate accumulation 
Graphical displays of the differences in the circumferences of individual O. bullata and 
C. dentata trees between September 2015, and above and below the girdle wounds in 
September 2016 are shown in figures 8 and 9 respectively, and points out the small 
differences between the circumferences measured before girdling in September 2015, and 
those measures above and below the girdle wounds in September 2016.  
 
Figure 8: A comparison between the circumferences of Ocotea bullata trees in September 
2015 and above and below the girdle wounds in September 2016.  
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Figure 9: A comparison between the circumferences of Curtisia dentata trees in 
September 2015 and above and below girdle wounds in September 2016. 
DISCUSSION 
After removing the polyethylene plastic sheeting which covered the girdle wounds two 
weeks after girdling, discolouration on the areas of the girdle wounds was visible to the 
naked eye. This is a response also observed by Stobbe, Scmitt, Eckstein and Dujesiefken 
(2002:775). The trees were grafted directly after removal of the plastic, and after two 
months, callus development was still not visible. Callus formation in both O. bullata and 
C. dentata was first observed four months after girdling and bridge-grafting (January 
2016), where: 
 In O. bullata all 10 grafted trees had initiated calluses. The girdled control tree 
has not callused. A few trees had more than one callus. Five of the trees had basal  
shoot initials. 
 In C. dentata all 10 grafted trees had initiated calluses, however the girdled control 
also had calluses, one close to the unclosed wound of the experiments conducted 
by Vermeulen (2009:1-210) and one on the other side of the trunk where no 
previous experiments have been conducted. The calluses already connected the top 
and the bottom of the girdle wound. Of the grafted trees, a few trees had more than 
one callus. Three of the trees had basal shoot initials.  
Callus initiation in O. bullata occurred at the top and bottom of the girdle margins (edge 
phellogen growth) and development took place towards the centre of the wound, whereas 
callus initiation in C. dentata occurred mainly at the centre of the wound (sheet phellogen 
growth) and development took place towards the margins of the wound. In some trees 
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calluses were also initiated at the top and bottom girdle margins, developing towards the 
centre of the wound.  
Eight months after girdling and bridge-grafting scion unions had callused on both species 
and the calluses of both species had growth nodules. One O. bullata tree had 95% callus 
cover and one C. dentata tree had 85% callus cover. 
Accumulation of carbohydrates 
Measurements of the circumferences of the trees revealed that fluctuations occurred both 
above and below the girdle wounds at each monitoring date. Expansion and shrinkage 
does not necessarily reflect changes in woody growth, and trees may possess a reservoir 
of water in their stems and that transpiration induces reversible stem constriction through 
reduction in xylem pressure, even daily (Sheil, 2003:2027). Factors that may affect 
shrinkage and expansion are air temperature, precipitation, solar radiation, relative 
humidity and wind speed (Ortuno, García-Orellana, Conejero, Ruiz-Sánches, Mounzer, 
Alarcón and Torrecillas, 2006:230). The relatively small increases over one year do not 
reflect carbohydrate accumulation above the girdle wounds of the grafted trees but could, 
however, be a reflection of normal annual growth and development and/or differences in 
xylem pressure. 
Taking measurements of the circumferences of the trees was therefore not a successful 
method to use to determine carbohydrate accumulation. It is therefore recommended that 
in future research, starch concentrations be determined by the sampling and analysis of 
the sapwood, and by using another method of analysis, such as mass spectroscopy or high-
performance liquid chromatography combined with metabolomics. Starch is a 
polysaccharide with a long compound chain which complicates analysis with only NMR.  
Scion health 
Sufficient numbers of one-year old growth on saplings to be used for scions were not 
available at the time of the experiment. The plant shoots to be used as scions of one-year 
old growth were also very thin. Therefore, several plant shoots of two-year old growth 
had to be used as scions. Each tree therefore had one-year old and two-year old growth 
as scions. The scions cut from one-year old growth died as they were very thin but all 
scions cut from two-year old growth remained alive and healthy. 
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Tree canopy health 
Tree canopies were monitored as discolouration of the foliage and abscission of both the 
foliage and small twigs, and may be the first visual signs of a dying tree. All tree canopies 
of the trees used for this study, however, remained healthy throughout the study period, 
including those of the girdled control trees. Abscission of leaves was noticed during May 
2016, but strong winds were reported prior to monitoring (S. Moos, Pers. Comm., 2016). 
This, however, also occurred on trees not used in the study. The canopies were monitored 
attentively after May, and no further abscission occurred for the remainder of the study 
period.  
Quantification of sucrose 
For statistical analysis, SASJMP version 13.0 was used to conduct one-sample t-tests on 
the sample sets to determine trends from harvest to harvest.  Two sampling dates’ 
differences were tested against three constant values.  In the first test the difference 
between the means of the sucrose concentrations either above or below the girdle wounds 
of the grafted trees over two sampling dates were tested against the difference between 
the sucrose concentrations of the normal tree over the same two sampling dates (constant 
value 1). In the second test the difference between the means of the sucrose concentrations 
either above or below the girdle wounds of the grafted trees over two sampling dates were 
tested against the difference between the applicable sucrose concentration either above 
or below the girdle wound of the girdled control tree over the same two sampling dates 
(constant value 2).  In the third test the difference between the means of the applicable 
sucrose concentrations either above or below the girdle wounds of the grafted trees over 
two sampling dates were tested against a constant value of 0 (constant value 3).  The 
results where the differences were significant are listed below: 
Ocotea bullata 
Significant changes in sucrose concentrations above the girdle wounds of the grafted O. 
bullata trees and the normal control tree occurred between: 
 November 2015 and January 2016 (p = .0018) - The directions of change were the 
same but the rate of change was higher in the normal tree. 
 January and March 2016 (p = ˂ .0001) – Neither the directions nor the rates of 
change were the same. There was a sharp increase in sucrose concentration in the
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normal tree but the mean of sucrose concentrations of the girdled trees decreased 
slightly. 
 March and May 2016 (p = ˂.0001) - The directions of change were the same but the 
rates were significantly different. 
 May and July 2016 (p = .0003) – The directions of change were the same but the 
rate of change in the grafted trees was higher. 
 July and September 2016 (p = .0005) - The directions of change were the same but 
the rate was significantly higher in the normal control tree.  
 
Significant changes in sucrose concentrations below the girdle wounds of the grafted O. 
bullata trees and the normal control tree occurred between: 
 
 November and January 2016 (p = ˂.0001) – The directions of change were the 
same but the rate of change in the normal tree was higher than that of the mean of 
the sucrose concentrations below the girdle wounds of the grafted trees. 
 January and March 2016 (p = ˂.0001)) - The normal control tree sucrose 
concentration increased sharply in March 2016 but there was a slight decrease in 
the means of the sucrose concentrations of the grafted trees. 
 March and May 2016 (p = .0052) - The directions of change were the same but the 
normal control tree sucrose concentration decreased sharply.  
Significant changes in sucrose concentrations above the girdle wounds of the grafted O. 
bullata trees and the girdled control tree occurred between: 
 March and May 2016 (p = .0228) - There was a sharper decrease in sucrose 
concentrations in the grafted trees than in the girdle control tree.  
 September 2015 and September 2016 (p = .024) - The change in the mean of the 
sucrose concentrations in the grafted trees from September 2015 to September 
2016 was significantly different from the change in the sucrose concentration of 
the girdled control tree in from September 2015 to September 2016. The sucrose 
concentration above the wound of the girdled control tree still compared well to 
the sucrose concentration of the normal tree in September 2016, which could only 
mean that the products of photosynthesis reached the girdle wound.  
Significant changes in sucrose concentrations below the girdle wounds of the grafted O. 
bullata trees and the girdled control tree occurred between: 
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 September and November 2015 (p = .0083) - The directions of change were the 
same but the rate of change was higher in the grafted trees. Lower sucrose 
concentrations in November confirms a statement by Richardson, Carbone, 
Keenan, Czimczik, Hollinger, Murakami, Schaberg and Xu (2013:855), that 
carbon utilization by sinks during springtime increase. Losses could, however, 
also be due to hydrolysis of sucrose into glucose and fructose, or continued 
enzymic action (Cranswick and Zabkievicz, 1979:237; Drossopoulos and Niavis, 
1988:325)). Flowering in O. bullata occurs during spring and summer with peaks 
in December and January (Van Wyk and Gericke, 2007:200; van Wyk et al., 
2013:208) and could also be a factor to consider. Losses may also occur due to 
translocation through natural root grafts and mycorrhizae to other plants, and 
losses to parasites such as mistletoe and other sap feeders (Kozlowski, 1992:110).  
 November 2015 and January 2016 (p = .0008) - The directions of change were 
significantly different. The mean of the sucrose concentrations below the girdle 
wound of the grafted trees increased while the sucrose concentration below the 
girdle wound decreased to an undetectable level.   
  January and March 2016 (p = .0471) - There was an increase in the sucrose 
concentration below the girdle wound of the girdled control tree in March and a 
decrease in the mean of the sucrose concentrations of the grafted trees.  
 March and May 2016 (p = ˂.0001) - The sucrose concentration below the girdle 
wound of the girdled control tree remained the same between these two months 
whereas the mean of the sucrose concentrations below the girdle wound increased. 
 May and July 2016 (p = ˂ .0001) - The directions of change were the same but the 
increase in sucrose concentration in the means of the girdled trees was higher.  
 July and September 2016 (p = ˂ .0001)  - The directions of change were the same 
but the rate of change in the means of the sucrose concentrations below the girdle 
wounds of the grafted trees was lower than that of the sucrose concentration below 
the girdle wound of the girdled control tree. 
 September 2015 and September 2016 (p = .0018) - The directions of change were 
the same but the decrease in the means of the sucrose concentrations below the 
girdle wounds of the grafted trees was sharper than the decrease in the sucrose 
concentration below the girdle wounds of the girdled control tree. The “normal” 
appearance of the sucrose concentration below the girdle wound of the girdled 
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control tree compared to the rest of the trees may be an indication that starch in 
the roots was mobilized and converted into sucrose during the beginning of the 
new growing season, or that natural root grafts with a tree of the same species 
proximal to the girdled control tree provided sucrose to it.  
Significant changes in sucrose concentrations above the girdle wounds of the grafted O. 
bullata trees at each sampling date occurred between:   
 September and November 2015 (p = .0010) - The directions of change were the 
same compared to the rest of the trees, but the rate of change was significant. 
 March and May 2016 (p = .0207) - The decrease in sucrose concentrations in May 
2016 was significant.  
 May and July 2016 (p = .0329) - There was a significant increase in the sucrose 
concentrations in July.  
 September 2015 and September 2016 (p = .0010) - Although the mean of the 
sucrose concentrations of the grafted trees in September 2016 was lower than in 
September 2015, the mean of the sucrose concentrations of the grafted trees 
compared well to the sucrose concentration of the normal tree in September 2016, 
a clear indication that the sucrose concentrations above the girdle wounds of the 
grafted trees returned to normal.  
Significant changes in sucrose concentrations below the girdle wounds of the grafted O. 
bullata trees at each sampling date occurred between: 
 September and November 2015 (p = ˂ .0001) - There was a sharp decrease in the 
sucrose concentrations of the grafted trees in November 2015. 
 March and May 2016 (p = .0077) - The decrease in sucrose concentration in the 
means of the grafted trees in May 2016 seemed to be significant.  
 September 2015 and September 2016 (p = ˂ .0001). The decrease in the mean of 
the sucrose concentration from September 2015 to September 2016 was high but 
the direction of change was the same as the rest of the trees. The mean of sucrose 
concentrations below the wounds of the grafted trees in September 2016 were 
higher than the mean of the sucrose concentrations above the girdle wounds of the 
same trees of the same month. This may be an indication that starch in the roots 
was mobilized and converted into sucrose during the beginning of the new growing 
season, and that the basal shoots below the girdle wounds may have produced 
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additional sucrose. The means of the sucrose concentrations below the girdle 
wounds of the grafted trees, however compared well to the sucrose concentration 
of the normal control tree in September 2016, an indication that the flow of sucrose 
from the canopy to the root systems of the grafted trees had been restored. Fraser, 
Lieffers and Landhäusser (2006:1019) stated that intact trees can transport enough 
photosynthates to keep the root systems of girdled trees alive for years. In their 
findings of their study on natural root grafts they found that the total non-structural 
carbohydrates were approximately 40% greater in trees with natural root grafts than 
in non-grafted trees.  
Curtisia dentata 
Significant changes in sucrose concentrations above the girdle wounds of the grafted C. 
dentata trees and the normal control tree occurred between: 
 January and March 2016 (p = .0357) - The directions of change were the same but 
the rate of change in the mean of the sucrose concentrations in the grafted trees 
was higher.  
 May and July 2016 (p = .0086) - The directions of change were the same but the 
rate of change in the grafted trees was higher. 
Significant changes in sucrose concentrations below the girdle wounds of the grafted C. 
dentata trees and the normal control tree occurred between: 
 September and November 2015 (p = .0365) - The directions of change were the 
same but rates of change tested to be significant. 
 January and March 2016 (p = .0217) - The directions of change were the same but 
the rate of change tested to be higher below the girdle wounds of the grafted trees.  
Significant changes in sucrose concentrations above the girdle wounds of  the grafted C. 
dentata trees and the girdled control tree occurred between: 
 September and November 2015 (p = .0401) - The directions of change were the same 
but the rate of change was higher in the girdled control tree than in the grafted trees.  
 May and July 2016 (p = .0076) - The directions of change were the same but the 
rate of change in the girdled control tree was higher. 
 September 2015 and September 2016 (p = .0391) - The directions of change were 
the same but the rate of change was higher in the girdled control tree. This girdled 
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control tree had callused with calluses connecting the upper and lower girdle 
margins of the wound, and the sucrose from the canopy to the root system may 
have moved through the possible newly developed phloem within the calluses 
when differentiation into the different cells occurred. 
Significant changes in sucrose concentrations below the girdle wounds of the grafted C. 
dentata trees and the girdled control tree occurred between: 
 September and November 2015 (p = .0451) - The directions of change were the 
same but the rate of change was significantly higher in the girdled control tree. 
 November 2015 and January 2016 (p = .0277) - The directions of change were the 
same but the rates of change were significantly different. 
 July and September 2016 (p = .0129) - The directions of change were different. 
The sucrose concentration below the girdle wound of the girdled control tree 
increased while the mean of the sucrose concentrations below the girdle wounds 
of the grafted trees decreased. 
Significant changes in sucrose concentrations above the girdle wounds of the grafted 
C. dentata trees at each sampling date occurred between: 
 January and March 2016 (p = .0357) - The directions of change were the same but 
the rate of change in the mean of the sucrose concentrations in the grafted trees 
were higher.  
 May and July 2016 (p = .0085) - The directions of change were the same as the 
rest of the trees but the decrease from May to July was significant.  
Significant changes in sucrose concentrations above the girdle wounds of the grafted 
C. dentata trees at each sampling date occurred between: 
 January and March 2016 (p = .0342) - The rate of change was significant. 
 May and July 2016 (p = .0085). The directions of change were the same as the rest 
of the trees but the decrease in July was significant.  
Significant changes in sucrose concentrations below the girdle wounds of the grafted 
C. dentata trees at each sampling date occurred between: 
 September and November 2015 (p = .0090) - The directions of change were 
the same but the mean of the sucrose concentrations was significantly lower in 
November 2015 than in September 2015. 
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 November 2015 and January 2016 (p = .0002) - The mean of the sucrose 
concentrations below the girdle wounds increased significantly in January 
2016. 
 January and March 2016 (p = .0342) - The mean of the sucrose concentrations 
below the girdle wounds increased significantly in March 2016. 
 September 2015 and September 2016 (p = .0255). Although the mean of the 
sucrose concentrations was lower in September 2016 than the mean of the sucrose 
concentrations of the same trees in September 2015, the mean of the sucrose 
concentrations below the wound of the grafted trees compared well to the sucrose 
concentration of the normal tree in September 2016, as well as the mean of sucrose 
concentrations above the girdle wounds of the same trees. This is a clear indication 
that the flow of sucrose from the canopies to the root systems of the grafted trees 
had been restored. 
The statistical analysis of the differences between the sucrose concentrations above and 
below the girdle wounds of the same trees showed that no significant differences occurred in 
all the trees at all sampling dates, except for the O. bullata girdled control tree in January 
2016. The fact that the O. bullata girdled control tree showed that the differences above and 
below the girdle wounds were not significant cannot be explained yet. The thought occurs 
that starch in the roots could possibly be converted to sucrose to replenish sucrose below the 
wounds, but certainly not all year round. There was also no replenishment of the sucrose 
below the girdle wounds from the canopy for the normal sucrose/starch dynamics below the 
wounds of the trees to continue because girdling cuts the flow of carbohydrates at the wound. 
A second thought is the provision of sucrose by basal shoots below the girdle wounds. This 
was also not possible because this girdled control tree did not develop basal shoots. A third 
thought, however, is the occurrence of natural root grafts from trees of the same species 
proximal to the girdled control trees used for this study, and should be researched in future.  
Shigo (1985:101) explained that trees will survive after injury if they have enough time, 
energy and genetic capacity to recognize and compartmentalize the injured tissue while 
generating new tissue that will maintain the life of the tree. The C. dentata girdled control 
tree had calluses early in the study, and it is therefore possible that the flow of 
carbohydrates through newly developed phloem within the calluses restored the flow of 
carbohydrates. 
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The statistical analysis of the grafted trees showed no significant differences in sucrose 
concentrations above and below the girdle wounds of the same trees at any sampling date, 
therefore not only sucrose was responsible for the separation of the samples four months 
after girdling and bridge-grafting in the spectral analysis (January 2016). Other 
carbohydrate may also have contributed, and the possibility exists that any other 
metabolite present in the trunks of both O. bullata and C. dentata could also have caused 
the separation of the samples above and below the girdle wounds. The statistical analysis 
also confirmed that the insertion of scions had a positive effect on the recovery of the 
trees, and suggested that the restoration of the flow of carbohydrates from the canopy to 
the root systems could have occurred quite early in the study.  
Auxin allocation to the girdle wound 
The quantification of plant hormones, including the auxin IAA, is more difficult than that 
of other metabolites because of their much lower concentrations relative to other 
metabolites. The 1H NMR analytical method alone is not sensitive enough to correctly 
determine quantities because of these low concentrations. It is also possible that IAA 
derivatives were present in the samples, but could not be annotated, probably due to low 
concentrations. Alternative methods such as HTPC-PDA, LC-MS or GC-MS should thus 
be employed to analyze IAA or related compound allocation to wounds after girdling in 
future. 
Similarities and differences in responses of O. bullata and C. dentata to girdling and 
bridge-grafting  
From all the results displayed, as well as the discussion above it was clear that there were 
both similarities and differences in responses between the two species.  
The similarities observed during this study were: 
 The time after girdling and bridge-grafting when calluses was first observed, i.e. 
four months after girdling and bridge-grafting (January 2016), 
 The tree canopies of both species that remained healthy throughout the study 
period,  
 The time after girdling and bridge-grafting when growth nodules on the calluses 
was observed, i.e. eight months after girdling and bridge-grafting (May 2016), 
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 Bridge-grafting was a successful method for the restoration of the flow of 
carbohydrates in both species. No tree died because of the severe girdl ing 
treatments. 
 There were no large increases in stem circumferences above the girdling 
treatments, an indication that no starch is stored external to the vascular cambium. 
The increases that did occur were the result of natural growth and development 
and/or differences in xylem pressure. 
 Fluctuations in the sucrose concentrations occurred in each individual tree at each 
sampling date. 
 The general direction of change in the sucrose concentrations appeared to be 
similar in each of the two species at each sampling date. 
The differences in responses were: 
 Callus development in C. dentata was notably slower than in O. bullata, 
 Basal shoot initiation and development was also notably slower in C. dentata than 
in O. bullata, 
 Callus initiation in O. bullata was mainly from the edges at the tops and bottoms 
of the wound margins developing towards the centre of the wound, whereas callus 
initiation in C. dentata was mainly from the cambium in the centre of the wound 
and developing upwards and downwards. 
 Calluses on O. bullata were thick masses of cell growth whereas calluses on C. 
dentata were smoother, thin sheets of cells. 
 The score scatter plots of O. bullata and C. dentata and for both solvents showed 
significant differences in metabolite responses with C. dentata showing greater 
seasonal fluctuations than O. bullata. There were, however, no differentiation 
above and below girdle wounds, or between the normal control tree, girdled 
control tree and grafted trees of both species after one year.  
 Apart from the September 2015 sucrose concentrations (regarded as the normal 
concentrations in all trees) sucrose concentrations were highest in only the O. 
bullata normal control tree in March. The highest sucrose concentrations of the 
girdled control tree and the grafted trees occurred in July 2016 (winter), which 
does not exactly correspond with what Terziev, Boutelje and Larsson (1997) 
stated. They stated that the content of low-molecular sugars is highest during 
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autumn, as well as winter. It contradicts the findings of Drossopoulos and Niavis 
(1988:323) which found the highest concentrations of sucrose to be occurring at 
the beginning of autumn.   
 In Curtisia dentata the highest sucrose concentrations in all trees occurred in 
March 2016 (beginning of autumn), which is also not exactly what Terziev, et al., 
(1997:216) stated. These authors stated that the content of low-molecular sugars 
is highest during autumn and winter. However, it confirms the findings of 
Drossopoulos and Niavis (1988:323) who found the highest concentrations of 
sucrose to occur at the beginning of autumn.  
CONCLUSION 
During this study, it was observed that:  
 The bridge-grafting technique was successful for both Ocotea bullata and Curtisia 
dentata and it is a viable method to save medicinal trees with extensive harvesting 
damage, although it can only be implemented on trees with narrower girdle 
wounds. 
 Both species initiated calluses four months after girdling and bridge-grafting. 
 Curtisia dentata was more sensitive to girdling and grafting than O. bullata. Callus 
development/bark recovery was slower and it would take a longer period for the 
trees to recover completely. Basal shoot development was also slower in C. 
dentata. 
 The manner of callus initiation and development in O. bullata and C. dentata 
differed. Ocotea bullata mainly initiated callus development through phellogen 
edge growth and C. dentata through sheet phellogen growth. 
 Scion insertion improved bark recovery in both species. 
 In both species, thicker, older trees healed more rapidly than younger, thinner 
trees. 
 There appeared to be a relationship between circumference (age of tree) and 
optimal bark recovery.  
 The canopies of both species remained healthy throughout the entire study period.  
 Scions cut from one-year old growth tended to die, whereas scions cut from two-
year old growth remained alive and healthy. 
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 Calluses were visible at the scion unions eight months after girdling and bridge-
grafting in both species. 
 There were callus growth nodules on both species eight months after girdling and 
bridge-grafting. 
 Basal shoot initiation and development in C. dentata was slower than in O. bullata. 
 Taking measurements of the circumferences of trees cannot successfully be used 
to determine the extent of carbohydrate accumulation above girdle wounds as the 
trees expanded and shrunk both above and below wounds. It merely determined 
the extent of annual growth and development. To determine accumulation of 
carbohydrates the starch concentrations in the sapwood of trees restored to be 
determined. 
 The spectral analysis of O. bullata showed that there was a change in the responses 
of the metabolites above and below the girdle wounds four months after girdling 
and bridge-grafting. One year after girdling and bridge-grafting, however, there 
were no significant differences above and below the girdle wounds, which is an 
indication that the responses of the metabolites returned to normal and that the 
source-sink relationship has been restored. The separation of the January and July 
2016 harvests from the main cluster may be due to possible water stress during 
peak summer and peak winter with either too little or too much available soil 
water, day length, sunlight availability for photosynthesis, and other metabolites 
and/or minerals which may affect photosynthesis, respiration and the nucleic acid, 
protein and carbohydrate metabolic processes. The girdled control tree did not 
callus but the sucrose concentration below the wound compared well to that of the 
normal tree. The possibility that natural root grafts were responsible for the 
continued carbohydrate metabolism should be researched. 
 The spectral analysis of C. dentata revealed that there was a change in the 
responses of the metabolites above and below the girdle wounds four months after 
girdling and bridge-grafting. Curtisia dentata trees were strongly affected by 
seasons as samples collected during the January, March and May 2016 harvests 
were separated from the main cluster. One year after girdling and bridge-grafting, 
there were no differences above and below the girdle wounds or between the 
normal control tree, the girdled control tree and the grafted trees. The carbon 
source-sink relationship had therefore also been restored and the phloem sap was 
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clearly flowing through the scions. The C. dentata girdled control tree callused 
and the statistical analysis showed there was no significant difference between the 
sucrose concentrations above and below the girdle wound over time. It can 
therefore be deduced that the flow of carbohydrates may haveis moved through 
the newly developed phloem in the calluses after the differentiation of the 
parenchyma cells.  
 Fluctuations in sucrose concentrations were evident in both tree species and at 
each sampling date. 
 Sucrose concentrations of the grafted and the girdled control trees in O. bullata 
were highest during mid-winter (July 2016), whereas the normal control tree’s 
sucrose concentration was highest at the beginning of autumn (March 2016).  
 The sucrose concentrations in all C. dentata trees were highest at the beginning of 
autumn (March).  
 The C. dentata girdled control tree also callused, and the statistical analysis 
showed there was no significant difference between the sucrose concentrations 
above and below the girdle wound over time. It can therefore be deduced that the 
flow of carbohydrates may have moved through the newly developed phloem in 
the calluses after the differentiation of the parenchyma cells.  
 The continued fluctuation below the girdle wound of the O. bullata girdled control 
tree may be due to the normal relationship between sucrose and starch, and may 
continue for some time until the effects of girdling eventually kill the roots of the 
tree. Trees close to this specific girdled control tree could have provided sucrose 
through natural root grafts as sucrose from the canopy could not have replenished 
the levels of sucrose below the girdle wound.  
 In both species, the sucrose concentrations both above and below the girdle 
wounds of the grafted and girdled trees generally followed the trends of increase 
and decrease of the sucrose concentrations of the normal control trees at each 
sampling date. 
 In both O. bullata and C. dentata the sucrose concentrations above and below the 
girdle wounds of the grafted trees compared well to the sucrose concentrations of 
the normal control tree in September 2016. It can therefore be deduced that the 
flow of sucrose from the canopies to the root systems in these trees returned to 
normal.   
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 Indole-3-Acetic acid concentrations cannot successfully be determined by using 
metabolomics due to their low concentrations present in plants. A combination of 
other analytical methods should therefore be employed in future studies.  
A challenge in future would be to educate commercial harvesters on the importance of 
trees and the consequences of destructive harvesting. Awareness of the relationship 
between a healthy environment and the well-being of communities should be enhanced. 
Commercial harvesters should also be encouraged to cultivate and propagate medicinal 
plants to sustain themselves, and stakeholders such as the Departments of Health, 
Forestry, Agriculture, Environmental Affairs and Culture should embrace and be involved 
in these initiatives. 
The recommended future research options identified during this study were: 
 The differences in starch concentrations between O. bullata and C. dentata after 
girdling and grafting should be determined, and the accumulation thereof above 
girdle wounds. 
 Determine the seasonal dynamics of starch in O. bullata and C. dentata and its 
relation to sucrose dynamics, and the specific pathways used for conversion.  
 The analysis of Indole-3-Acetic acid by using other analytical methods combined 
with metabolomics to determine its allocation to wounds after girdling and 
grafting. 
 What effect does carbon storage have on the productivity of O. bullata and C. 
dentata after girdling and grafting? 
 Determining whether other metabolites influence carbon dynamics in O. bullata 
and C. dentata and in what manner each of them affect carbon dynamics. 
 Experiments with other grafting methods to restore growth in medicinal trees with 
wider girdles are necessary. 
 Determine whether and to what extent natural roots grafts could influence the 
sucrose concentrations below the girdle wounds of girdled trees.  
 The differences in responses of medicinal trees when girdled and grafted in 
seasons other than spring. 
 Experiments regarding the responses of other endangered medicinal tree species 
to girdling and grafting. 
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